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1.0 INTRODUCTKm 

Building on the concept of pollution free power generation first conceived by P. Glaser in 1968, and 
experimental work in microwave beaming by the Raytheon Company, NASA has pioneered the 
evaluation of a feasible cost-effective Solar Power Satellite system. The present NASA/JSC system- 
oriented study is the first to address the key element, the Microwave Power Transmission System, in 
sufficient depth to define a baseline system to a level allowing an accurate determination of ma^ 
and cost. To assure best utilization of past effort, this study builds on previous in-Iwuse and NASA 
sponsored work such as the NASA Lewis study with the Raytheon Company, (NAS3-17835), 
NASA/JSC Solar Power Satellite Ctwcept Evaluation (JSC- 1 2973), extensive discussions with the 
NASA microwave team (Ref. l-I ) and contacts with other related NASA sponsored work such as 
that at JPL (Ref 1-2). Although this pha^e of the current effort emphasizes a klystron transmitter, 
it does not mean to imply that this is the recommended choice. The best transmitter choice will 
have to await results of developmenta. tests on other candidates such as the crossed field amplifier, 
and possibly even advaiced solid state amplifiers. 

The concept of spai^ to earth microwave power transmission involves a series of energy converaons 
which must achieve hi^ efficiency to provide minimum system cost. Solar power is c<mverted to 
DC whkh in turn is converted to microwave energy, beamed to earth, where it is finally converted 
to usable power. A transmitting antenna in geosynchronous orbit is used to beam the microwave 
energy to large rectifying antenna arrays located on earth. As previoudy implied, efficiency is a 
prime consideration in any transmission system, and it is evident that individual elements in the effi- 
ciency chain must avera^ over 90% if an overall efficiency of 60 % is to be achieved. These effi- 
ciency considerations dictate that the antennas be extremely large scale, e.g., the transmitting 
antenna is on the order of 1 Km in diameter and the receiving ante.nna is (»t the order of 10 Km 
because of the long transmission distance of 37,000 Km. This scale implies that large units of 
power, on the order of 5 GW- 10 GW. must be transferred and that the power source in turn must be 
very large. 

This study established a baseline design for the transmit/receive antenna and the microwave tube. It 
analyzed and optimized key aspects of efficient energy conversion at both ends of the power transfer 
link. In addition to establishing this baseline, this report includes a discussion of alternate 
approaches in the areas of antenna and tube design. An integrated design concept was developed 
which meets design requirements, observes structural and thermal constraints and exhibits good 
perfoTmance. It was developed in adequate depth to permit cost estimating at the subsystem/ 
component level. 

The baseline design for the spacebome transmitter antenna is the slotted waveguide planar array 
because it has very high efficiency while also serving as an efficient means to distribute the micro- 
wave power from converters to the radiating elements. The basic element of the planar slot array is 
a length of short circuited waveguide loaded by a series of slots cut in the broad wall. The slots are 
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positioned such that they allow radiation of energy introduced into the guide with unifonn ampli' 
tude along the length of the guide. 

These waveguide radiators arc grouped to form a module, l-ach module is fed by a single 70 KW 
klystron. Tlie modules are grouped fonning a subarray which can be mechanically pointed. 
Approximately 7000 suharrays comprise the complete spaceborne transmitting arrav. Tlie number 
of waveguides in a module is varied to provide the overall array with a 10 dB quanii/cu (f ’'iss4ai> 
amplitude tai>er. This taper gives the aiK'rture optimum beam etTic'er.cy. Waveguide construction 
from graphite composites is Iwing given first consideration due to their thermal stability. 

For structural and thermal reasons the subarrays may be expected to move relative to one another. 
However, in order to nnnntaiii maxiiniim efficiency, ihc beam from each subarray must be accu- 
rately pointed at the receiving site. This ealls for a referenee Iream to be launclied from the center 
of the ground antenna. I his beam is sensed at each snbarray and at a reference subarray in the 
antenna center. 

The latter transmits a phase reference to tlie individual suharrays at which point it is conipared with 
the incoming beam. A ditTerence in phase between these signals is interpreted as a displacement of 
the subarrays from the nominal reference plane, due for example, to thermal distortion of the struc- 
ture. and a correction is applied to the pluisc of the transmitted beam at the Niibarray sv> that the 
reciuired beam front is launeheU toward the ground antenna. 

1 his effort examined two generic types of devices for converting DC power to r.f. power at micro- 
wave Irvtiuencies. the amplitron oi cross field amplifier tt TA). and the kyistron or linear Iwam 
is known for motlerately high efficiency, high gain and low noise. With the standing wave array 
concept chosen as a baseline, the klystron has been selected as the initial candidate for evaluation. 

The collector or rectifying antenna (rectennat located on the earth is an array of dipoles each of 
which is terminated by a filter and diode rectifier. Tlie diodes prixluce a half w ave rectified dc cur- 
rent from the incident microwav ♦ ac field. The diodes are grouped in parallel and the groups are 
sen iced to provide the desired voltage for the .s GW power output of the rcctenna. This integrated 
reception-eollection-reetifiealion antenna concept and its technology has resulted in the achieve- 
ment of an 82 f efficiency at an output power level of .^2 Kw in a demonstration at the Goldstone. 
California facility of the Jet Propulsion Laboratory' (Raytheon Company 1075). 

The overall rcctenna covers an area of approximately 100 Km-. The collectors are mounted on 
panels. The panels arc tilted to nonnalily with the incoming phase front, but the accuracy need not 
be great since the indiv idiia! aiilcnn.t elements have broad dipole gain patlen.s, and for the same 
rea.soii (lie phase front can be distorted by the atmosphere or ionosphere without appreciably 
a ffect i ng e ffic ieiK y . 
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2.0 ANTENNA ARRAY ANALYSIS 

In this section the baseline spacebome reference array is described in detail. The description 
includes a discus.sion of slot spacing, stick (radiating waveguide) layout and power density taper 
quantization. Section 2.2 is an intra-array dimensional analysis. It converts projected dimensional 
changes in waveguide size, slot size and position into a power loss summary. The ^acetenna radia- 
tion patterns are examined as a function of the power density taper across the array aperture. This 
power taper is optimized for the best trade between beam efficiency and side lobe level. Overall 
^stem efficiency which includes the link between the spacebome transmitter and the earth-based 
rectenna was calculated using the NASA-JSC' antenna pattern analysis ccanputer program. These 
calculations were made for varying spacetenna size and power taper with a constant diameter 
rectenna. An initial concept for klystron phase control is described, done in part by the General 
Electric Company for The Boeing Company. It proposes solutions for problems encountered in the 
desgn of such a ^bsystem. Finally Section 2.0 addresses some a^cU of the rectenna design. 

The baseline rectenna is an array of dipole antennas. Section 2.6 proposes optimum dipole pacing 
to minimize the number of elements required. It treats the concept of a flat ground plane array and 
introduces an alternate approach in the form of the so-called “Hogline” radiator. 

2.1 BASEUNE ANTENNA ARRAY DESIGN 

The baseline klystron module (Fig. 2-1 ) consists of a single hi^ power klystron with dual outputs 
feeding a standing wave configuration of the waveguide slot array. The slot array is composed of an 
even number of waveguide (stick) radiators. The exact number of sticks in a given module and their 
length is varied across the face of the array to produce an optimum aperture power distribution. 
This taper is chosen to optimize antenna beam efficiency, as discussed in Section 2.3.1 and is a 
function of gain and spatial efficiency. Because of the nature of the standing wave design, the stick 
length has to be an integral number of guide wavelengths, (Xg). For the dominant mode, at a fixed 
frequency, this is a function of the waveguide width only. 

The klystron modules are grouped to form subarrays, each containing an integer number of 
modules. To obtain the desired power aperture taper the number of modules (elements) in each 
subarray v/ill vary. For structural reasons, each subarray will have the same face dimension. The 
support structure for the waveguide is periodic in nature and is composed of members joined in 
trihedral lattice. The supporting members consist of a primary and secondary structure; the pri- 
mary structure must provide three support points for the secondary module and the secondary 
structure must provide three support points for each subarray. In order to conform to this backing 
or support structure, the length-to-width ratio of the subarray must be a function of the cosine of 
the enclosed angle. The implementation of this design is discussed further in Section 6.3. 
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2.1.1 Waveguide Radiating Stick Layout 

An element is defined as that portion of the subarray which is fed from a single klystron. The 
number of elements per subarray is varied to conform with the desired power density across the 
entire array. In determining the waveguide layouts of the elements it is necessary to consider the 
interaction between guide wavelength (Xg) and guide width (Wg), as well as the fact that the stick 
length is constrained to be a multiple of guide wavelength. Multiples of a lalf guide wavelength 
were considered but discarded since the odd multiples would result in an altered mutual coupling 
environment at the joint of two adjacent sticks. This results in relatively long sticks and a require- 
ment that each stick length have a different slot conductance for proper matching, i.e., each stick 
length group have a different offset of the slots from the centerline. The longer sticks thus require 
smaller slot offsets. The layout of the slot geometry for a 12 wavelength stick is shown in Figure 
2-2. The trapezoidal cross section of the waveguide has been selected to permit nesting and conse- 
quent volume efficiency in transport to orbit. 

Wall thickness derives from structural considerations. The height of the waveguide is independent 
of all the foregoing constraints and is selected to minimize I^R losses. Using standard waveguide 
ratios of height equal to one half width, losses are estimated to be .012 dB/meter for copper. These 
could be cut in half by the use of a square waveguide. The larger guide will not support higher 
order modes but it can support a cross polarized mode. Methods would have to be devised to 
suppress such a mode. 

2.1.2 Radiating Slot Spacing Considerations 

For the SPS design, only on-axis gain is of interest, since in terms of the slot patterns there is for all 
practical purposes no scanning. To determine whether mutual coupling effects, dependent on slot 
spacing, will affect on axis gain, llie work of Diamond (Ref. 2.2) as reported in Hansen. (Ref. 2.3) 
was reviewed. In this work, a 7 x 9 dipole element array was rigorously evaluated and patterns gen- 
erated for various dipole spacings. In Figure 2-3 the on axis gain values have been plotted from the 
patterns in Hansen. The underlying solid curve was the computed gain of the area associated with 
any inter-element spacing. The rigorously calculated points fall about the area gain curve. The 
pattern ripples are attributed by Hansen to the edge effect in this very small array. An attempt was 
made to take out this edge effect by averaging the ripples graphically. The anoothed data points 
(triangular) followed the theoretical area gain curve more closely. It is concluded that for the range 
of spacings (.5X to .SX) considered, the cn-axis gain of an array element will automatically adjust 
itself tc the value associated with the area it occupies (G = 4ff DxDy/X^). Within this range, spacing 
is selected for best impedance matching or other considerations such as fitting the sticks into the 
various subarray designs as discussed in Section 6.5. 
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Figure 2-2 Typical Waveguide Stick and Slot Array Geometry 



Figure 2-3 Dipole Element Gain vs. Spacing 
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2.1.3 Power Density Taper Quantuation Studies 

As previously discussed, in order to obtain maxinnun beam efficiency the space antenna power 
aperture distribution must be tapered. In addition to effic' , all the constraints described m 
Section 2.1.1 must be satisfied. To meet these requin.‘me»:ts. the MPTS reference power taix*r 
selected is a ten guantiiied step approximation of a 10 dB Gaussian taper that will provide a ground 
output of 5.U GW for a 1.0 kilometer diameter spacetenna. Tliis approximation consists of a dB 
taper from tU.- center to the edge elemert. Figure 2-4 shows both distributions, listing the per- 
missible number of modules per subarray and the power density associateii with each. The methods 
of implementing the subarray quantuation are discussed in Section 6 .^ .1. 

To evaluate the effect of stepping the Gaussian spaceteiin.i distulnilion, a Fortran program w as 
written using circular symmetry. Tlie steps of quantized distribution ~ 1 shown in Figure 2-5 were 
obtained as a result of the array design discussed in Section 2. 1 . Differences between this stepped 
and the ct ntinuous distribution on the clo.se-in sidelobes are show n. A second qinnti/ed distribu- 
tion (*2) was arbitrarily generated to test the sensitivity to step variations. The fourth sidelobe was 
reduced significantly by this later distribution. Die baseline distribution (#1 1 was also compared to 
the continuous distribution at larger angles as shown in Figure 2-t’. It is noted that the two distiibu- 
tions alternate in producing the higher sidelobes. implying only small differences in efficiencs . 

2.1 .4 Alternate Taper Designs 

An optional design employing 210 kw klystrons was also imestigated. should such a design be con 
sidered at a later time. Power taper data are shown in Figure providing a performance essen- 
tially equal to the reference design with 1 5 as many tubes. 

A sidelobe suppression design was also imestigated. using a I4-stcp 1 '-dB taper. The sidelobe levels 
am approx- iy at 10 microwatts cm-, corresponding to the Smiet public exposure guidelines 
for microv Hu* taper pattern is sliown in Figure 2-M and corresponds to an antenna 1.2 km in 
diameter. . . 10-kw klystrons were selected, the outer 2 rings i ihis taper pattern would require a 
lower power tube, as the power density tor these rings is less llian one 2 UVk»v tube per subarray 

2.2 SP.4CETENNA DIMENSIONAL ERROR ANALYSIS 

2.2.1 Introduction 

This error analysis was undertaken to determine the critical requirements for mechanical contrvd of 
the space antenna subarrays and to identify all possible sources of cfficien . i. ction for an accu- 
rate assessment of overall microwave power transmission in the Solar Power Sa. to System, flic 
errors arc grouped in the following categories; subarray tolerances (Section 2.2..D; ra.Iialivc stick 
tolerances (See. 2, 2. 4 land minor loss sources (Section 2.2.5 t. 
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C*.'h subarm^' k compris^i of a number of incJule$ dellned as that pi^rtion of the subarray driven 
by one high power rt'geiwmuw. The gemral module ctmfiguration is shown in b iptre 2*1 . liaeh 
module is fed in two iiections or groups of slwks, each with its own center-fed crtvss-guiUe The 
^tected dedgn calls fw a standing wave c^snftisiratum m both the slicks and the ctm> » uufc, Ihie to 
the illuminatimi funetton ^teeted. sticks in the varKWis parts of the ;^acelenna do not radiate eqtial 
|v»vwer dendttes. and vary tn length fsvmt I o5 meters 1 10 guide w avelengths) to d.'io ntetci n t.fO 
guide wavelengths) ihrivughivul the irray. 


bor pinjHvsesof the error analy sis, an avei .».;!e stick length of 2 ’o meters tin “ Xg) was selected by a 
we^hled average over the array of the number r>f vtn ks of diffcncnt lengths 
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2.2J.I Suhatray Surface 
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i.e. pittem roll-off is independent of w and depends on y only. 


Figuie 2-10 Effect of Subumy Tilt 
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2.2.4 Rjduting Stick Tolerances 

The parameters found to be significant in the resonant stick design are discussed in this section. 

2.2.4. 1 Stick Length ukI Slot Spacing 

The effect of stick length variation was approached from the standpoint of mismatch as discussed in 
Silver-” for the broadside resonant array, it is stated (pg 323) that slot spacing is piedominantly an 
impedan« effect; indicating that effects associated with lengthening of the entia* stick or change of 
guide wavelength are primarily to build up the VSWR at the feed or midpoint of the stick. This is 
illustrated in Figure 2-1 1 for a string of 5 series slots each deviating by 0.01 Xg from the resonant 
spacing of Xg/2. From the Smith chart, it can be seen directly that this deviation is equivalent to 
the introduction of a normalized susceptance of b‘ = .06. Spi-cifically 2.45 gHz. with a Xg = 

6.515 mches. this translates to b’ = 9, 1 x 10“^ .Alin mils at each slot so that at the center of the 
stick (i.e., the feed pointl; these would add up to N b* where N is niimber of slots per average stick 
and ^is the avera^ deviation of each slot position from Xg '2. i.e.. 30 miis '33. Thus 

B* = Nb’ = 33t9.2 x lO-* > = 0.02'^6 

The ratio of power delivered to that w ith the load matched can be written (see Section 2.2.8) as 
mianatch loss L|^ 


Lm= 1/4(B')- = 0.02^ 


2.2.4.2 Stick Width 

The guide wavelength (Xg) and guide width (at are related by the equation 

yi (^/2a)- 

To obtain the system sensitivity to width errors we differentiate with respect to a 

= kl 

da 4a^ (1 -(^;2a)- 1-^/2 

Substituting a = 9.094 cm gives 

AXp = - 1.51 Aa 


2.1 


2.3 
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&ice a ciw^ in Xg is equivalent to a change in slot spacing, — may be substituted for At 
in the equation from Section 2.2.4. 1 


b =9.2-l(H dJtmils 
= 9.2 I (H ^ = 4.6- l(H A Xg 
B’«Nb’ = 4.6 I(HN AXg 


which when combined with 2.3 yields 


B’ ^ 0.00069 N Aa 2.4 

For the stated tolerance of Aa = 3 mils and an N = 33 associated with the average stick length, one 
obtains B* ^ 0.068 yielding a misnatch loss of 

Lm=}(B’)- = 0.I2% 2.5 


2.2.4.3 Cross Guide Length 

For completeness, the cross-guide, which also incorporates a standing wave design, is included, 
assuming the same composite structure as in the waveguide sticks. If the design turns out to be 
similar, the losses for the same tolerance of ± 30 mils would be 0.02%. 

2. 2.4.4 Cross Guide Width 

it is expected that on the average, the cross guide length will be approximately equal to one half the 
stick length. For the same waveguide design, this would produce losses equal to one quarter those 
due to stick width, i.e., a loss of 0.03%. 

2.2.4 5 Slot Offset 

A curve of resonant slot normalized conductance (g‘) vs offset (Figure 2*12) was plotted using 
scaled data of Jasik Ref. 2.7, Pg. 9-7 for an average stick length of 33 slots. Tlie slope of the curve 
at this point is 


4s: s I 

^’‘inch ^ 


, which for Ax = .002 tolerance gives 


Ags 6.6x 10-^ 


!5 
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For a systematic di^iacement of slots in one direction. 

G = NAp = 33 6.6 1 0-4 = .02 1 8 
and the associated mismatch loss L\f 


Lm = ] (.02181- = 0.01% 2.6 

The scattering loss produced assuming random slot offset errors may be obtained by relating the 
conductance error directly to a slot excitation error. As previously calculated, the normali/.ed incre- 
mental slot conductance Ag’ s 6.6x 10^ for an rms slot tolerance of 2 mils. 

In this case, however, since the vaiiation in slot spacing is random, a scattering loss will result. 

To obtain the error in an inJividiia' slot conductance (Ag> relative to the conductance of the indi- 
vidual slot (gl we note that 


Ag' = Ag/Go 
■ ■ ^ 


but 


Go _ , 

— - N 

g 



Ag 'N 


Since the power radiated by a lightly coupled shunt slot is proportional to g we may relate the 
above equation to the effective scattering of power (due to amplitude errors) to the far out side- 
lobes in an array of radiators as described by Allen (Ref. 2.8, page 125). 

power scattered _ •» _ Ag _ , , 

power radiated g 

= (6.6 10-4)133)= 2.18% 


In this case there will be no mismatch loss since the average conductance per slot remains constant. 

This loss is considered to be intoleiably large and the offset tolerance has been tiglitened to 1/2 mil 
reducing the above loss in direct proportion to 0.55%. 
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2.S Minor Loss Sources 

lie following effects were studied and found to produce ne^igible losses (less than 0.01%). 

2.5.1 Feeder Ckikle 

ie waveguide runs between the klystron and the cross guides are of the traveling wave type, 
atched to the cross guides directly at the frequency of operation. The potential beam steering 
sociated with the phase errors between the two halves of the array module powered by one 
ystron was found to be negligible. 

2.5.2 Stick Taper & Beam Squint 

.cording to Silver^ f’ (pg. 323). both amplitude taper and beam squint could result from stick 
ngth and width variations; the losses associated with these are staled to be insignificant compared 
t losses due to impedance mismatch previously calculated. 

2.5.3 Slot Longitudinal facing 

similar analysis to that in Section 2.2. 1.1 may be used to determine the effect of a random 
ngitudinai error in slot spacing. In this case X'. the normalized reactance at each slot would be 
pected to add not in proportion to N as before, but stalisticallv. as theVN . Tluis the expected 
Jue of the total reactance is 

E {X'} X' = .674Vir (9.2 I0~^» A«.mils 2.8 

here iMre presents the lo value of the position error. 


2.5.4 Slot Length 

le effect of slot length was evaluated by obtaining the susceptance vanation with length from 
gure 9-5 of Jasik-'^. From the slope of this curve it was established that 

B’ = ,4-- = 0.00003 mils 

lere iiA is the slot length tolerance. This leads to an insignificant power loss (less than 0.0 1 '7 I 
ing a 2 mi! tolerance and the procedures of Section 2.2.4. 
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2.2 J.S Thermal EfTects 

The thermal integrity of the primar>' and secondary portions of entire array dictates the use of low 
CTE ccHnporite material. The natural choice for the waveguide stick material is also a graphite type 
ccanposite material. (Typical CTE = 0.54 x 10^ in/in/®k) Thus, from the microwave point of 
vttw, the dimensional changes associated with a selected temperature change (AT SS'^k) are 
negligible. 

The expansion of a.n average stick over this AT amounts to 3.2 mils which is 9.4 times smaller than 
the manufacturing tolerance. Since X' is proportional to A£ and mismatch loss =*= (X’)2, the loss in 
this case is 


0.03^? ^ (9.4)- s 0.0003%, i.e., negligible 

For a AT of 5 1 7®K; and At = 30 mils, the loss would be .03% as in Section 2.2.4. 1 . 

2.2.6 Results and Discu»io*rs 

The significant nondissipative power losses in the delivered main beam on the ground were devel- 
oped for given subarray dimensional tolerances. The results are summarized in Table 2-1 . Since the 
loss component is considered to be independent, the losses are directly additive. As anticipated, the 
dominant loss is due to slot offset. 

For a given power density', the power radiated by each slot must be constant. Thus, for shorter 
stick length with less power in the stick, the slots must be coupled more heavily, i.e., further away 
from the centerline, resulting ui a smaller percentage error for a fixed tolerance. With long sticks, 
the desired offset goes to very small dimensions and a given tolerance results in a relatively large per- 
centage amplitude error. Improvement may come, therefore, from either tighter tolerances or from 
shorter stick designs. For example, using data in Figure 2-1 2. with an average stick length of 6.3Xg 
reduces the offset error losses to 1 .24% with a 2 mil tolerance or 0.3 1% with a ‘'i mil tolerance. 

Nondissipative power losses total 1 .87% resulting in an effective antenna efficiency of 98.1%. To 
this value must be added the waveguide l-R losses .nd the scattering losses associated with the 
inter-subarray (or intennodule as the case may be) amplitude and phase control errors. 

2.2.7 Subarray Offset Effects 

The problem addressed is that of the effect of offset of the subarrays from the ideal plane perpen- 
dicular to the line of sight. These offsets are along the line of sight and are due to random or sys- 
tematic variations in the supporting structure or subarray pointing system. It is the purpose of the 
phase control system to correct the effect of these offsets and produce a properly phased array in 
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Table 2-1 

SPS Subarray Losses Due to Dimensional Tolerances 


ma 

DIMENSION 

TOLERANCE 

EFFECT 

MAIN BEAM POWER 
DEGRADATION 

»«ARRAY SURFACE 

150 MILS RMS 

SCATTERING FROM 
PHASE VARIANCE 

0.50% (1) 

TILTOFSUeARRAV 

0.1~ AVERAGE 

SU8ARRAY PATTERN 
GAIN REDUCTION 

050% (1) 

GAP BETWEEN SUBARRAYS 

1 0.25“ AVERAGE 

ARRAY FILLING LOSS 
(-> AREA LOSS) 

0.13% 

STICK LENGTH 

130 MILS 

MISMATCH LOSS 

0.02% (2) 

WnOTH 

13 MILS 

MISMATCH LOSS 

0.12 

CROSS GUIDE LENGTH 

130 MILS 

MISMATCH LOSS 

0.02% (2) 

WIDTH 

13 MILS 

MISMATCH LOSS 

0.03% 

SLOT OFFSET 

10.$ MILS 

SCATTERING FROM 
AMPLITUDE VARIANCE 

0S5% (4) 



TOTAL 

1A7% 


LEGEND: ALL LOSSES ARE ADDITIVE. 

(1) INDEPENDENT OF SUBARRAY SIZE. 

O INDEPENDENT OF STICK LENGTH. 

|3J REFERRED TO AVERAGE STICK LENGTH OF 16.7 Xg - 2./6 METERS. 
C4) ASSUMES MEAN SLO f OFFSET ERROR IS ZERO. 
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the boresight directicn. The question is asked, will these physical offsets cause subarrays to become 
decorreiated in phase at angles well off boresight preventing the orderly rol! off of the stdelobe radi- 
ation patterns? 

The subarray geometry is shown in Figure 2-13. Normally a planar array will experience a system- 
atic change of phase with the angle of arrival of the wavefront. Tliis relation is expressed as 

S„ sin0 2.9 

which is the phase difference of the n*^ subarray with respect to the central subarray due to wave 
path length difference. This systematic behavior produces a sidelobe roll off of 30 dB/decade of 
angle in a circular planar array. 

In practice, the subarrays may be considered to be offset by a distance hj^ from the plane of the 
central subarray as illus’ ated in Figure 2-1 3-b. 

The phase control system will, in every case, introduce a compensating phase shift 



At some angle 0 off boresight a path length difference 

Sj^ sin0 - h^ cosd 

is introduced as seen in Figure l-(c). Tli. total differential phase shift of each element then is 
derived from the sum of the above. 

( S„ Sind - h„ COS0 1 + 0s 2.10 

which reduce.; to 

0 ^ = ~ f ^n ^ ^n ^ * 

A 

The Sp sind term is ideni.i;able as the phase shift associated with the planar error free array. The 
hp (I - cosd) term repre.sents the error introduced by the offset. Eehavicr of the associated phase 
shift is plotted in Figure 2-14 for .several offsets. Systematic errors in offset are expected to result in 
some shifting and raising of average far-out sidelobes. Random errors on the other hand will pro- 
duce a sidelobe error plateau, similar to that produced by the phase control errors between the sub- 
arrays If the subarrays are omnidirectional, the sidelobe level would be given by Allen as: 
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ERROR SIDELOBE LEVEL 



2.12 


where = the mean square phase error 
N = the total number of subarrays 

For random errors in h„ 


V = ly *»n<' -cosd)|- 2.13 

thefactorti - cos0)^.O-, i.e.. by ccmibining (7). (g) and (6). we obtain 

ERROR SIDELOBE LEVEL g4 

However, the average pattern of the subarray is rolling off at 30 dB/decade of angle as seen in Fig- 
ure2-15. Therefore, the net error sidelobe level varies as = 0 for values of d<30°. i.e.. 10 

dB/decade ot angle. 

Several estimated plateaus for different offsets are shown in Figure 2-15. Using a graphical integra- 
tion technique, an 18 cm random offset will scatter significant energy in the region between 
30^-90® off axis. Since the power loss can be seen from Figure 2-16 to be proportional to the off- 
set squared, the power loss will drop rapidly with tighter tolerances on random offset. It is esti- 
mated that a random tolerance of 3 cm would result in a power loss of less than 0.1%. 

To evaluate the effect of systematic offset errors in an accurate manner w ill require the incorpora- 
tion of the expected offset contours into the array computer program. An estimate of the effect 
might be obtained by setting up a simple linear model incorporating the angularly variable phase 
error from which could be calculated the approximate efficiency leduction associated with various 
systematic tolerances. 

2.2.8 Derivation of Mismatch Loss Equation 

From ITT Handbook. Reference 2.5. page 569. line t3) 

p _ ^Rg + Rj j2 _ ^X’g.j.Xjj2 _ matched power 2 14 

— — ^ unmatched power 

P 4 

= loss " the input to a line of = R| + jXj 
if we assume the line is matched and of Zq = R | such that X] = 0 then 
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♦ 
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ERROR 
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P„, 

~ -»Vo 


if we further let the generator tesistance be: 


hut 



: !5 


or 


p p p 

‘ill MiMiutvii Loss 111 -1 

~V “ 

■ Misinatsii I oss ' '4 


ill aiiniinjiicc teniis ' lo 




2 3 CIRCI L \Rl Y SYMMETRIC \RR3Y RADIATION PATTERN STUDIES 

Ik-aiii efficiency is of prune iiiiportjnce in the ilesign of the Npaceteiiii.i aiui ninst Iv tliorouciily 
investigated aiul optiiiii/ed. An oj tiniuni desig will rcllect tlie tradeoff between ivaiii efficienev 
and ininiiiii/e aperture si/e and consequently weight and cost Tins section exainines spaceteniia 
pattern characteristics and overall system efficienev for a variety of power density ta|vrs across ns 
apertun' 

2.3- 1 Disirihiitions for (.'onstani Main Beamwkilh 

Starting from luiulamental relatumships. an e\pres.sioii for beam efficienev was derived 111 terms of 
a circularly s\ mmetric aperture fieUI distnl atu'ii ftp * w here .0* is the normah/ed spaceteniia radius 
and t (fh the field paltcni of the antenna tSee l igure 2 1 ' » llie spatial efficiency factor is 

A 

obtained from the integral vd tlie far fieKI power density lf(i '(iMl] vnit to an arbitrary angle of 
interest from boresight Normah/ing to the on-avis value of power density by ilividing In 

’Most authors use p .is the radial cv'ordinatc aiui r as the iu»rmah/cd raiiius where r - p a and a is 
the aperture railuis We have here clu'scii p • :'.c lu'rmali.'ctl railius and r as the radial coordinate 
I c . p t a 
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CIRCULARLY SYMMETRIC 
APERTURE DISTRIBUTION 
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[2 Jo f(p) P dp] 

7p[f(p}]^0 dc 


1 


APKTURE aperture EFFICIENCY 




EFFECTIVE APERTURE 




GAIN 


Figure 2-1 7 Seam Eflicwncy 
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^inax a spatial efficiency factor that is unity for an isotropic antenna integrated to = ir, 

which is equivalent to integrating over 'he entire sphere, because of circular symmetry . Tlte spatial 
efficiency of more directive antennas will go down in a manner approximately the inverse of their 
directivity. The beam efficiency then is simply a measure of how well the spatial efficiency and 
gain of an antenna balance each other. The aperture efficiency is the loss associated w ith the taper 
of the field over the aperture relative to a uniform distribution. I his is sometimes referred to as 
illumination efficiency. 

The relative radiation patterns w^re obtained by numerical integration of the expression 


I 

t(0i= f 
o 


ftp I Jo* 


2pya 

X 


sin6 ip dp 


<:.i7t 


.411 were then normalized to the null width i»f the 10 dB Gaussian distribution function, fhese pat- 
terns are shown in Figure 2- IS together with the Spaeetenna size required, fhe power required to 
deliver 5 C>W output was computed by 

p - power delivered 

(rectification eff. iJJu 

where is the m,iin beam mill-to-null efficiency for each distribution obtained from Figure 2-1 


Power density distributions across the spaeetenna were then obtained by div iding by the integral of 


the noniialized field distribution over the aperture to give the maxinuiin power density. Pj^ 


.max 


,inax 

d) 


si S 

2ira- I |t„(p»|-pdp 
o '* 


where f,j(p) the nonnalized aperture field distribution made dimensionless by div iding by its peak 
or central value f^lp^l 


Vp> 


ftp! 


The result of these calculations is shown in figure 2-l'f Tlie various upercil power densities are 
rather similar, the most significant difference being the addition of llie tails, which ck'arly control 
the -sidelobe levels. 


The above calculations assume .i v oiistant average rectenna efficiency For a more exact calculation 
of the ground power output, the variatioi. of rectenna efficiency with power level should l>e 
included. Tlie low sidelobe paUerns which tend to have narrower shoulders will probably experi- 
ence an average rectification efficiency that is somewhat lower than the broader shouldered 
patterns. 
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F^iif« 2*1$ Sidd<^ l^trflNitioas for Fixed Rectems Constnmts 


«r$M • RECTENNA RADIUS TO FIRST NULL - e.485 METERS 

• DELIVERED GROUND POWER => 5GW 

• ASSLMEO RECTENNA EFFICIENCY = 88X 
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The peak rectenna power density ) may be obtained directly from the peak spacetenna 

power density 


P = pMAX 4ir- a"* 

0 D Fir 


(/' L tfll fi lipl- 
o ' 


where H is the altitude (or range) of the spacecraft. 

Multiplying by the pattern then gives a rectenna power density curve as shown in Figure 2-20. 
Coupled with a curve of rectification efficiency vs. pow'er density (obtained from JPL), the rectifi- 
cation efficiency vs. rectenna radius may then be obtained as shown. In the evaluation distributions 
with significantly broader shoulders, it is important to go through tlie above process iteratively, i.e.. 
the average rectification efficiency should be obtained for a particular power input and the power 
output calculated. 

23. 2 Reverse Phase Distribution Patterns 

In order to improve the overall collection efficiency b> increased beam flatness out to the rectenna 
edge as well as provide an additional means of sidelobe control, a two beam synthesis with resultant 
phase reversals at some portions of the spacetenna was considered. Tliese phase reversals are 
obtained by a fixed phase shifter at the klystron input and represent a first step towards a continu- 
ously variable phase distribution across the spacetenna. should this be more desirable. The results 
indicate that it is possible to synthesize a pattern that is considerably more flat-topped than the 
10 dB Gaussian or other patterns that we have investigated. Tlie price paid for this improvement is 
increased spacetenna size or a larger rectenna. 

It is possible to increase the flatness of the beam without limit with arbitrarily laige apertures and 
large numbers of beam components. The results of the two beam synthesis are illustrated in Figure 
2-2 1 . The angle of the first null in the central pattern which is the peak of the second pattern 
occurs at a value of p | which is just the 1st root of the first order Bessel function. The first pattern 
is produced by a uniform distribution while the second pattern is produced by a distribution. 

The height of the shoulder atp j and the sidelobe level may be controlled by adjusting the relative 
magnitude k of the two distributions. This later process is illustrated in Figure 2-22. If k is greater 
than 2.48, a phase reversal will occur in the aperture voltage. The inflected Bessel distribution pre- 
viously investigated exhibits this property (k=2). For the reverse distribution considered (k=4.35 ) 
the results are shown in Figures 2-2.1 and 2-24, with the 10 dB Gaussian distribution for compari- 
son. A small change in k could match the sidelobe levels. Ilie usefulness of this type of distribu- 
tion should be further investigated including the effect of rectification efficiency. 
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Figure 2-21 Two Beam Bessel Function Syntliesis 
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F^ure 2-22 I^ttern Shape vs. Distribution Constant K 
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Figure 2-23 Aperture Field Distribution 
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2.3.3 Pattern RoIl-ofT Studies 

In order to verify the energy distribution at distances far away from antenna boresight. it was neces- 
sary to determine the roll-off characteristics of the entire antenna. This was done by a numerical 
integration technique applied to the radiation pattern of the 10 dB Gaussian taper distribution. It 
was established that the sidelobes rolled off at 30 dB/decade of angle. Tliis coincidentally is the 
roll-off rate of a uniform circular aperture. Figure 2-25 shows the first five sidelobes of the main 
beam and the average power line. 3 dB below the peaks. Next, the error plateaus were computed 
from the assumed error magnitudes and the number of arbarrays associated with three different 
subarray sizes. The aperture efficiency, ij, was also obtained by numerical integration. Next the 
subarray roll-off characteristics were obtained by numerically integrating the square aperture 
distribution for each of 19 different cuts over a 45® se.tor of 0. These cuts were then averaged at 
each 6 to give the pattern shown. The resultant subarray sidelobes also roll off at 30 dB/decade of 
angle. Tliete is an additional error plateau associated with the randomly scatte ed power by each 
slot in the subarray. This second plateau will in theory roll off in accordance with the radiation 
pattern of the slot. To obtain a clearer view of how- the total energy is distributed, the average 
pattern level as a function of angle can be integrated graphically by adding a sin 6 tenn as shown in 
Figure 2-26. By weighting this with an additional multiplier proportional to 6. it is possible to lake 
out the area bias produced by the iugarithmic plot. Repeating this in tenns of pow er rather than 
dB. as shown in Figure 2 - 27 , gives a curve, the area under which represents the radiated power. 

2.4 PHASE ARRAY COMPUTER PROGR.4.M DEVELOPMENT 

The computer programming efforts, which began concurrently with Part 11. have been directed pri- 
marily to beam pattern analysis. The following i ins have been specified as the purpose of the 
computer programs: verification of the reference design; definition of feasible departures such as 
quantized distributions and gap spacing between subarrays; exploratuin of new design options like 
the Inflected Bessel and Reverse Phase distributions; the study of far-out sidelobe roll-off character- 
istics; calculation of the average rectenna efficiency; and the analysis of errors and failures. 

2.4.1 Spacetenna. Ground-Grid. Error and Failure Modeling 

Early in the computer program development stage, basic language programs were written to model 
various power taper distributions aiul to compare their beam '•fficiencies. The equation for the nor- 
malized electric field pattern is 



where p is the nonnalized radial distance. In Section 2.3. 1. the equation for the beam efficiency is 
shown in Figure 2-1 7 and the equation,. u:-t*d to model the spacetenna distribution functions are in 
Table 2-2. Ihe live quantized distributions described in Section 2.1.3 arc modeled as nonnalized 
amplitudes as shown in Table 2-3, 
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- ARRAY GAIN ABOVE ISOTROPIC FOR 1 KM CIRCULAR SPACETEflNA 
6- n 

6 = = S7.A6 DB (n = 90.22, P = 982) 

1+rJ/P 


- SPACETENNA DISTRIBUTION IS 10 DB GAUSSIAN - NUMERICAL INTEGRATION 
GIVES 30 DE/DECADE ROLL-OFF. 

- SQUARE SUPARRAY: 19-CUT NUMERICAL INTEGRATION GIVES 30 DB/ 

DECADE ROLL-OFF. 

- ERROR PLATEAUS: 

SUBARRAY LEVEL: = nPN^/t^ 

ef = .069 FOR 10^ RMS ERROR; tX DB 
AMPLllUDE ERROR 

fl| =7.859 SUF, ARRAYS 
SLOT LEVEL: K 2 = 

SUBARRAY 

= .01, CORRESPONDS TO RGUGRLY .006" 
SLOT ERROR (EMPIRICAL) 

Figure 2-25 Array Pattern Roll-Off Characteristics 
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In July 1977, the sp»xtenna/rectenna Mutation pro^am “Bigmain,” running for NASA J<^nson 
Spacv Center (JSC) on the Univac 11 10 in Fortran V, was converted and modified to Fortran IV so 
as to i«ii u.; IV Boeing Compi.ter Services (BCS) Mainstream system. The purpose of “Bigmain” is 
to shnulate the types of anremta systons which-might be used for the SPS transmission of power. 
Studies were performed u>ing th< ‘.oUowing subarray sizes: square 18m by 18m, square Khn by 
lOm, rectangular 9.929m by 1 l.‘464m (the reference design), and circular with a diameter of 18m. 
Tlw circular subarray has a beam efficiency of 76% which corresptmds to the loss of radiating area 
in the spaoeteima. Gap spacm^ between subarrays was also studied with the results shown in 
Figure 2-28. 

Two types of array excitation were used with “Bigmain:" The continuous Gausaan amplitude dis- 
tribution with uniform phase and chosen power taper, and the quantized stepped array distribution 
with unifonn phase and chesen values of step size, step number, and power taper. Amplitmle, 
phase, wrd failure errors have been modeled in the spacetenna pre^ram. Although originally the 
random number generator was not implemented on our system, because of its machine dependence 
to the Univac 1 1 10, BCS system routines have been utilized and the number generator is now 
running. 

In “Bigmain” the ground-grid is specified as a planar circular area where the electric fields are deter- 
mined. The fkld at any particular point on the grid is computed using scalar wave equations with 
approximations that make them accurate in the Fresnel zone. The equations are not valid for the 
very near field, but give very good results in the Fresnel zone, D~A < R< 2D‘A, and the far field 
R> 2D~A. where D is the diameter of a circular ^acetenna or the diagonal of a rectan^lar space- 
tenna, X is the wavelength of the transmission si^al, and R is the range from the ^acetenna to the 
ground-grid. 

The electrk field at any particular point is determined by calculating the field from each subarray in 
the spacetenna to the given grid point and then summing all the fields to give the total field at that 
grid point. 

There are several methods of sampling points on the grid. In most runs, the beam from the sp. ee- 
tenna is extremely symmetrical about the boresi^t of the ground-grid. In these cases, sampling grid 
points along the X or Y axis out to a given radius can effectively describe the entire circular field on 
the ground-grid. In some runs, the errors generated in the spacetenna degrade the symmetry to such 
an extent that samples are taken at points equally spaced over the entire circular grid system to the 
outermost sampling radius. These runs ate usually quite expenrive. 

The total power collected by the ground-grid is calculated by multiplying the power density at a 
point by the incremental area associated with that point to give the power over that area, and then 
suming up the power from each sample. Efficiencies with respect to the total power collected on 
the ground-grid and with lespect to the total input power of the orbiting spacetenna are calculated 
at incremental grid distances out to the specified diameter. 
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A study was done to diow the effect of grid step size on beam efRcienc\" by changing the step size 
from l6I.Sm to 5m. Forty radial grid steps. l6l.Sm each, gase a beam efficiency of 96.71 at a 
run cost of $ 1 0. Using a step size of .5m. 1 2^2 steps gave a beam efficiency of *>6.69% at a run cost 
of S200. Since the cost factor of 20 seemed like a large price to pay for a 0.02^7 beam efficiency 
difference, the 161.5m step si/ . was normally chosen. 

The '‘Bigmain’* computer prr^am was exercised to provide estimates of perfoimance degradation 
due to the failure of one DC-DC converter w'hich supplies processed power to 420 klystrons, each 
70 kW RF. The results indicate an antenna efficiency degradation of roughly 0.4 to 0.5^ and an 
increase in die first sidelobe level of about 0. 1 to 0..5 dB. depending on the location of the failed 
converter. The total power loss thus approaches 0.9%. since the addition^ disconnected RF power 
is added to the reduced array efficiency. 

Hie modeling of the baseline SPS design is shown in Figure 2-29 for the case of a 10 step quantized 
illumination function having a 9.S dB taper and a I Km spacetenna radiating 6.5 GW with 92.857 
klystrons each having a 70 kW RF output. The areas chosen to be representative of a DC-DC con- 
verter failure are indicated near the center and at the out periphery . Each DC-DC converter sup- 
plies processed power to an average of 420 kly strons. Since only 1 5% of the klystron supplies 
required processed power, the DC-DC converter size for 420 klystrons is roughly ( 1 5H420> 3s 
5. 1 MW for a klystron efficiency of 85%. 

The computer models a single converter failure at the spacetenna edge .’S an outage of 72-10 by 10 
meter subarrays and therefore a drop of 2‘>.4 megawatts <420 klystrons at 70 kW each). 

The method of analysis employs a sampling of 40 points along the iHJsitive X or Y axis of the 
ground-grid with ring power summation. Tlie results are tabulated in Figure 2-30. A square loop 
method of analysis for power summation with samples along circular loops is too expensive in terms 
of required computer time. 

Since the power summation was done only along two specific axes to conserve computer time and 
averaged over a ring area representative of a single value, the results are approximations for the cases 
where the failed area is asymmetrically located in the array. To ascertain whether this asymmetry is 
serious, similar runs were made for 2 and 4 failed areas in which symmetry is preserved (sec Figure 
2-30). Since the restdts did indeed indicate that both the efficiency reduction and sidelobe level 
increase in dB scaietf as expected (i.e.. by a factor of 2 and 4). it can be assumed that the errors due 
to averaging the x and y results (which are quite different for the asymmetric ingle failure at the 
periphery ) arc negligible. Moreover, the interpolated radial position of the first null on the rcc- 
lenna. on the basis of which the efficiency is calculated, did not deviate by more than 250 meters 
(the grid step size), with the unperturbed value at 6525 meters. Pie total loss in the rectenna out- 
put must, of course, include the RF power loss as well as the reduced antenna efficiency. 
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Figure 2-29 Spacetenna Quartre Section 



1. Cach converter failure corresponds to 420 klysti'ons disconnected. 

2. To first null. 

3. Interpolated with computer step size of 2S0 m. 

Figure 2-30 Effect of DC-DC Converter Faihire on Spacetenna Performance 
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It is of interest to note that the loss of beam efficiency is approximately equal to the power loss in 
percent. For exanple. the change in beam efficiency due to the failure of a single converter at the 
edge is 0.435%. Tlie power loss is 29.4 MW 6.5 GW = .452%. Tlte first sidelobe level increases at 
approximately' 0.5 dB per converter failure. It is of interest to note that the loss in antenna effi- 
ciency is roughly equal to 3 limes the area loss near the center of the array, and about half the area 
loss near the periphery'. 

Prt^ram “Tiltmain” is a modified version of “Bigmain.” The modifications give “Tiltmain” the 
ability to amulate errors in the attitude control of both the total antenna system and the individual 
subarrays, it was learned by talking with N.ASA JSC that run costs, in the order of $5000. are pro- 
hibitive. Only a half a dozen runs or so of 'Tiltmain*' have been made by NASA JSC. For the time 
being it has been decided not to convert " l iUmain" onto the Boeing computer system. 

An enhanced ^acetenna was modeled by adding an additional 576 square 1 8m by 18m subarrays (8 
legs at 72 subarrays per leg (Fig. 2-3 1 1. An improved power taper in the design of the legs is 
possible and will be a topic of future investigation. 

2.4.2 Organization of Itfinkomputer Tiineshare and Mainstream Computing Systems 

Boeing's MTS (.Minicomputer Timeshare System) is configured around two digital machines; the 
PDF 1 1-70 and the POP 1 1-45. Both Fortran and Basic Plus languages are employed via 56 ports. 
The 1 1-70 has 330.0(X) ( 1 6-bit words) of memory and the 1 1-45 has 1 28.000 words of memory . A 
single user is limited to 16,000 words of working core. 

The MTS was used to nm early studies of distribution pattern comparisons. MTS is now utilized for 
pre-prtK-essing editing before the "Bigmaiu " program is sent off to the MAINSTREAM-tKS system. 

MAINSTREA.M-EKS (Enhanced Kronos System), a BCS (Boeing Computer .Services) computing 
system, is configured around five CDC large-scale mainframes; a 6600. two Cyber 74's. and two 
Cyber 1 75's. Each computer has a minimum of I.' 1 .0'^2 si.\ty-bit words of central memory. Tlie 
operating system is KRONOS 2 ' suhstantially enhanced by BCS. A pennanent file system and I 
million words of ECS (extendi core storage) arc sliarcd by the mainframes. ECS is used not only 
as an extremely rapid swapping medium but also for communication between the computers. 

MAINSTREAM-EkS is provided from the BCS 6600 Data Center located in Ronton. Washington. 

At the data centei are six higii-spced 5 1 2-line printers, twenty 844-disk storage devices (for online 
pennanent files), (en 1/2" 7-track tape dnves. three ! /2" 9-track tape drives and miscellaneous 
other equipment. The modified "Bigmain" Program is nm via RJE (remote job entry ) from the 
Boeing Space Center in Kent, Washington. Figure 2-.72 shows the interaction between the remote 
job entry terminals and the central site. Remote job entry is via one of 4 cope controllers, each of 
which has multiple ports containing line pri.nters. card readers and plotters. Choice of service 
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re^onse times, consistent with the workload requirements, give rise to the most economical service. 
Five levels of response times are available, ranging from I to 16 hours, plus standby (from 16 hours 
to 7 days). The full range of MAINSTREAM-EKS services, including compilers, application pro- 
grams. and utilities are put to task through RJE by “Bigmain." 

This c(»nputing system was chosen because it is ideally suited to scientific and engineering applica- 
tions due to the precision and high speed of the central processor and tlie amount of central mem- 
ory and peripheral storage available to each job. Also a broad variety of offline services may be 
accessed, including plotting, microfilm, microfiche, volume printing, and special form printing. 

A very important service which is heavily employed in the continuing modification of “Bigmain" is 
no<harge consultation. The consultants are system software specialists. Tlieir biggest contribution 
is in the area of JCL (Job Control Language I. 

A system subroutine was chosen in order to be able to model errors in “Bigmain." Subroutine 
“RAND” generates uniformly (or nomially (distributed random real numbers. The multiplicative 
congruential method is used to generate the uniformly distributed numbers, which are uniform over 
the interval from 0 to 1 , Tlie subroutine is called only once by the "Bigmain" program and returns 
an array of 3500 uniform random numbers. A starting multiplier and a fi.xed multiplier are speci- 
fied in the passing of parameters so that the array of numbers is reproducible, enabling analysis to 
disregard differences in output due to a difference in the set of unifonn random numbers. 

2.4.3 Future Efforts 

In this section eight topics will be presented each of which is directly related to the advancement of 
the "Bigmain" computer program. 

(1) Microwave Beam Sidelobe Analysis 

Analyze far sidelobe behavior as a function of phase control precision, transmitter, failures, 
and illumination taper and taper quantization. Make analyses of potential methods for mini- 
mizing sidelobe intensities. Consideration will be given to the addition of sidelobcs from 
multiple spacetennas with rectennas in proximity. 

(2) Baseline Configuration Modeling 

Input Boeing's baseline spacetenna configuration with 63^(2 rectangular. 9.928m by 1 1.464m. 
subarrays. Tlie spacetenna would be elliptically modeled and would have elliptically quantized 
power density steps. Because of the lack of non-circular symmetry , square-loop summation, 
which is expensive, will have to be employed. 

(3 1 Subarray Offset Studies 

Prior efforts show that the random offsets produce low losses for reasonable tolerances such as 
±3cm. On the other hand, systematic errors are expected to be large. Tlie incorporation of 


43 



Dim-228764 


the expected offset contours into the array computer program will quantitatively evaluate the 
effect of systematic offset errors in an accurate manner. 

(4) Three Dimenaonal Pattern Plots 

Modify the ground-grid, X, Y coordinate output along with the power density so as to input 
data to existing Boeing plot routines creating 3D power density contours. 

(5) Specific Array Program Development 

.Stteamline the general “Bigmain” computer program by eliminating unwanted design options 
such as excitation with spherical phase. By doing away with the undesired programming, not 
only will the run time and output listing time be reduced but clarity of process flow will be 
increased. 

(6) Enhanced Spacetenna Design 

Collapsed array design was done for the four legs on the rectangular X and Y coordinates. The 
design of the four legs on the 45 degree olanes could be greatly improved by going through the 
proper collapsed design procedure with consideration for the four other legs. Leg w idth and 
heighth chant's may also be used as design parameters. 

(7) Choice of Pattern Cut 

Presently only two pattern cuts of the far-field are able to be studied, the principal cuts along 
the X and Y axes. Incorporating new and modifying existing programming will enable the user 
to choose parameters so that the program steps through the ground-grid to approximate any 
pattern cut desired. 

(8) Wide Angle Aperture Equations 

It is hoped to extend the capability of this program to include wide angles in the subarray 
aperture equations using the expression in Figure 2-33. Tliis equation is more accurate than 
the presently employed equation due to the fact that there is no small angle approximation. 

2.5 INTER-MODULE PHASE CONTROL CONCEPTS 

As part of a small subcontract with the General Electric Co.. Electronic Systems Division, Syracuse, 
N. Y.. an initial approach to module phase control was defined by Mr. C. R. Woods. The tasks 
addressed include ( 1 ) phasing concepts and pilot frequency offset considerations: (2) remote phase 
synchronization: (3) phase multiplication technique to eliminate squint; and (4) diplexer design 
considerations. This work is summarized below. 

A basic approach to transmitter phasing was synthesized. The effect on beam squint of the separa- 
tion between transmit and received frequencies is analyzed. This effect was shown to be small so 
that large (lOO’s of MHz.) separation can be used if necessary. Concepts for implementing various 
portions of the system are shown, but no attempt has been made to consolidate them. 
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TTie dipiexer problem was analyzed, assuming a conventional diplexer. The analysis indicates that 
the problem can be overcome with relative ease. A Boeing suggested technique of compensating for 
klystron tube phase variations is also described. Further work is clearly necessary in this area to 
bring the concepts to a level of detailed subsystem definition. 

2 J.l Phasing Concepts and Pilot Frequency Offset Considerations 

It is important that the frequency of the pilot signal transmitted from the ground differ from the 
frequency transmitted from the satellite by as much as possible. Making this frequency difference 
largely relaxes the requirements on the diplexer design and also improves the receiver noise figure, 
thereby requiring less pilot signal power from the ground. 

A block diagram of the transmitter phasing concept is shown in Figure 2-34. Tlie phase of the pilot 
signal transmitted from the ground is ncct. This is generated from a reference oscillator on the 
ground. The frequency cc may be chosen to be some convenient value (say around 100 MHz) and 
the factor n raises the frequency to the S-band region. 

The plane of the satellite antenna array is shown, although there is no requirement at all for the 
array to be planar. A central reference receiver is shown along with two receivers which are used to 
phase transmitters. These transmitters use the same antennas as are used by the receivers. The 
phase of reference signals received at the three antennas are nu)(t-TQ), nu;U-T|) and ntj(t-T->). 
where the path delays are, for example, 

Ti = J- / k(nu))ds 

and similarly for Tq and T-t. The velocity of liglit is c and ktneo) is the refractive index of the iono- 
sphere at the frequency ncc. The integral for the delay T j is taken over the path L| . Note that, in 
the absence of the ionosphere, the delay is 

Tl = L,/c 

The troposphere is neglected since its refractivity is not dependent on frequency. 

The receivers all use phase lock techniques so that received phase is maintained. A typical receiver 
concept is described separately. The central receiver output enters a frequency doubler where the 
phase is doubled. The output is sent by transmission line to the two subarrays shown. Using round- 
trip phase compensation techniques, the phase shiit in the transmission line can be eliminated, thus 
the phase at each subarray receiver is 2nw(t-TQ). A method for compensating transmission line 
delay is shown in Section 2.5.2. 
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Figure 2-34 Trammitter Phasing Concept 
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Mixers at each subarray produce the outputs with phases nu)(t+Tj-2TQ) and nto(i+T^-2TQ). These 
ente' a device which multiplies the phase by the factor m n. This would be done using a phase lock, 
frequency offset method such as the receiver concept described. Tliese methods are well known 
and maintain phase throughout. The multiplier outputs which are amplified and transmitted are 
mcj(t+T I -2 Tq) and mco(t+T ■>-2 Tq). 


The phase of signals received at the ground in the vicinity of the pilot transmitter are 

mtj(t+T|'T| *2 Tq 1 
mu;(t+T-i-T-i'-2TQ) 


The time delay T j ' is given by 


T]' = — r ktmcctds 

^ L, 

and similarly for T Note that T] ' is the same as Tj except that the refractive index in tlse iono- 
sphere is evaluated at a different frequency tmu) rather than no; h 

The difference between the phase of the signals on the ground is a mea.sure of the beam squint. 
This difference is 


•Ip = nuo i<Tj-T I (T-i-T->'tl 


2.18 


Note that in ihe absence of the ionosphere the delays arc equal (T | = T[ ' and IN = T-. ) and the 
phase difference = 0. Thus, in the ab.sencc of the ionosphere, there will be no squint regardless 
of the orientation of the satellite array. 


liu- ionosphere causes Ap to be different from zero and therefore causes some squint. The Mpiint 
will depend on the frequency difference (mu! - nu;) but will be small. Tlii< difference will now be 
computed 

For the frequencies of interest, the refractive index in the ionosphere may be approximated by 

k(nto) 1 - KN tnu;)“ 

where K is a constant, and N is the electron density. Substituting in the expression for the time 
delay gives, for example 
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T, -±f 
c L, 

= L, 


1 1 - KN/nw )“ 1 ds 


N ds 


— i- c(nwl" ’Lt 
c 1 


Finally, substituting similar values for T| Tt and T'>'. the phase difi'erenee is 


A0 




(muj )“ 


Nds 


•■'I. 


Ndsl 




Note that the error is proportional to both the frequency difference (first temi in brackets) and to 
the difference in the ionosphere on the tv\o paths (second term in brackets'. 


The displacement of the beam on the ground is approximately 


d = A Ad 
h nitc 

where h is the altitude of the satellite and b is the diameter of the satellite array. SubNtituting A0 
Irom above 


d 


1^ 

^ (incc)- 


1 

^ 

(ncj 


•'Ll Nds - /l, Nds 


:.:o 


Rearranging teniis and assuming that Ace = (ni-n) m- nice we get 


:ii 

(tAi) 

K 

b 

nice 

mu:“ 

:ti 

(-Aii) 

i (Al.| 

h 

nice 


('l 


where AL. and ALs are the one-way c''angcs in the electrical path Icngtiis on paths Li and L,s 
caused by the ionosphere at frequenc\ nit.;. Using the ,ollowing\alues: h = 3.h \ 10 in. b= lOOOin. 
and d - 500m (max. allowable), implies 


cAu (Al.i - Al.s) .OOi'O 
nice 


with ALj and AL-> in meters. 

The difference (ALj - AL-i) is hard to cnaluate. A typical value of AL at the frcquciici of interest 
is about 2 meters. However, the values on the two paths will tend to be the same, especially since 
the paths are only separated by abciut 10 meters in the highest part of the ionosphere and by even 
less in the lower ionosphere. If the difference is one percent of the value ol' Al.| or Al s, the differ- 
ence will be 0.02 meters. Lhon the frequence i., ference can be as large as 
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A( = C450>(.0066)/.02 
= 809 MH2 

lUs restilc Is pn^bly coaservative for the normal or even for a disturbed ionosphere. However, if 
the radiated power perturbs the ionosphere, the result may be different, and no data are available 
on this aspect of the problem. 

2.5.2 Remote ftiase SyaciHooeation 

A concept for compensation of the delay in the transmission lines between the central receiver and 
the subatrays or the subanay poups is shown in Figure 2 35 in simplified fonn. This concept is 
based on the same principle as that used for transmitter phasing in that it uses signals transmitted in 
S>lli diiectKNis through the transmission line, it is possible to unpiement the techniqiuf using two 
di.'feient fieqtKncies in the trananission line. It is always necessary to bring a control signal from 
the central point to each sibarray. This signal will be at baseband in the approach shown ami will 
be at the difference freqiKncy if two different frequencies are used in the transmission line. In 
either case, the ccmtrcri aclkm on the vrdtage controlled oscillator causes the output of the phase 
detectOT to null. Tliis causes the condition To=Tr which is equivalent to tracking the central 
receiver ^ase with the subanay controlled oscillator. 

2.5.3 Phase .Muhiplication Technique ti ' liminate Squint 

A concept is shown in simplif»ed foim that could be used fer the central or suharray group rcceiv- 
eis. It ccwld also be ised to obtain the frequency offset diown ir Ftgjre 2-34. How'cvei. accom- 
plishing the lreqiK-nc> offset in the receivers would pi^' ably obviate the a Jslitional offsets show n 

The concept shown in Figure 2-36 uses two phase locked loops. The first locked oscillator operates 
at a fubmultiple of the received frequency, and this lot>p establishes the receiver bandwidth. The 
se.ond loop locks en RF oscillator .o the first os>.'illator. The offset is establidred by the nuiltiplicr 
m and the frequency bc. 

2.5.4 I)i}j lever Design Considerations 

The diplexer is shown in Figure 2-37 along with the tr.insinitter and receiver. The problem is that 
some of the transmitter pc .cr. attentuated by a factor I. enters ...• receiver. Two separate ele- 
ments of the problem are illustrated in Figure 2-37. One is that tne center faqucncy is coupled 
through the diple.xcr at high power. This signal must be further ettenuated by a filter preceding the 
nxeiver to prevent damage to the receiver ir>put. A bandpass filter i« shown, but a low pass or a 
notch filter would also work. 
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TIk second element of the problem is that nmse sidebands generated in the transmitter also enter 
the receiver. The sidebands of interest are those which fail in the receiver bandwidth as shown. 
This n(^ adds directly to the receiver noise and degrades the sensitivity. 

Typical transmit/receive isolation in a d^leicer (1) is 30 dB, although better istdation could possibly 
be achieved in a fixed frequency application such as this one. The power into the receiver first 
mixer is 


Pm = Pt 

where P| is the transmitter power and F is the filter rejection. The transmitter power is 77 dBm and 
the maximum power allowed in the first mixer is 0 dBm, which is con»<. rvative. Therefore, the 
required filter attenuation is 


F = 77-30-0 
= 47 dB 

It should not be difficult to achieve this rejecticm. e^cially if the separation between transmitter 
and receiver is large. Furthermore, at least 10 dB more power in the receiver could be tolerated 
withmtt damage. 

It ^ould be recognized that the presence of this lar^ signal in the mixer will produce some 
undesired mitputs. and the local oscillator frequency will need to be chosen so that the outputs do 
not fall in the frequency range of interest. 

The AM noise side bands generated by a typical higli-powvr klystron amplifier in a 1 KHz band- 
width and at frequencies far removed from the carriers are about 1.^0 dB below the level of the 
main carrier, fhus. if the klystron power output is 77 dBm. the noise level w ill be -53 dBm. This is 
further reduced by the diplexcr isolation i.'O dB) to -S3 dBm. The equivalent noise in the same 
I KHz bandwidth at the receiver input, assuming a 10 dB receiver noise figure, is -134 dBm. Since 
the klystron nois-' is much greater, it is the limiting factor. A received power of -53 dBm is required 
to assure a 30 dB signai-to-noise ratio which ought to be enough to assure reliable operation. This 
power cMi be delivered with, for example, a subarray antenna gain of 20 dB. a transmitter antenna 
gain of 40 dB and a transmitted power oi 79 dBm or about 80 kw. 

2.S.5 Klystron Phase Control Circuit 

To take care of phase variations in the klystron transmitter tubes, it is proposed to place them in a 
phase control loop. Such a concept is shown in Figure 2-38 where the conjugated and offsci signal 
is provided by the phase comparator and processor (5 ) as discussed in the preceding sections. Tlie 
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trananitter signal is sampled and is forced to be in phase with the conjugated signal by the opera* 
tion of the phase controller (4) on the phase shifter (3). 

2A RECTENNA DESIGN CONSIDERATIONS AND ALTERNAHVES 

2.6.1 Dipole Spacing Requirements 

In SectitNi 2.1.2 the effect of the slot spacing that resulted from the quantization of the modules 
and radiating sticks was investigated. An outcome of this investigation was a tentative conclusion 
that dipole (square grid) spacings up to 0.8X could be used, resulting in significant cost savings. In 
addition, the lai^r spacings would result in higher diode pow'cr levels w ith associated increased rec* 
tiiication efficiency. The cell area of such a grid would K‘ 96 cm~. significantly larger than the 
Raytheon diamond grid configuration of 50 cm~ (see Figure 2-39). There is no implication here 
that square grids are superior, only that larger cell areas may be theoretically possible and practical. 
It should be noted that dipole spacing and impedance are closely related. Wider spaced elements 
will result in lower source impedances from which more power ma\ be drawn. 

An appropriate approach to answer the question of allowable dipole spacing would be an infinite 
array analysis. In this approach, edge effects are eliminated and the environment of neighboring 
dipoles is assumed to e,^.tend to infinity in all directions. Tliis is an easier problem to analyze than a 
finite array. Figure 240 is illustrative of the interplay of element spacing (D XI and ground plane 
spacing S'X on the normalized element gain lihe gam pc. cell area that the element occupies). How- 
ever. a very small 7 9 element array such .is this is higlily contaminated with edge effects. Tlie 

same analysas performed for an infinite array will answer this question. 

2.6.2 Fbt Groundplane Possibdities 

Discussions with N.AS.A personnel have brought out the significance of the cost of the a-ctenna sup- 
porting structure and their interest in the possibility of a flat (horizontal) ground-plane. Tliere 
appears to be no fund;”',.ntai reason why such a ground-plane could not be employed. Obviously, 
a horizontal ground-plane would have to have an element density that was reduced by the cosine of 
the angle of the arriving ray from the vertical in order ti> avoid having a larger number of elements 
than the original array, (see Figure 241 ). Tlie gain, and hence llie collecling aperture, of these more 
widely spaced elements must match, in tiie 0 direction, the peak broadside gain of the reference 
array elements. Three parameters may be varied to optimize the directional gain of the elements: 

(1 ) element spacing. (2) the height above the ground plane and (3) passive reflector. 

The element spacing operates on both element impedance and pattern, as does the height above the 
ground. An example of the latter is a pattern peak at 0 = for X/2 ground-plane spacing. The 
increased spa* ing available will probably allow the addition of small comer reflectors or fences to 
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suppress the back and enhance the forward lobe. It should thus be possible to build a flat square 
grid array wrhtKe gain in the d direction is that required for 100^ aperture efficienc\ . 


Gtdl = 4y S(~ = S[^“ fos“d 

X- 


This is also the gain provided by a uniform current slieet, even though this sheet is non optimum 
and has its peak response at broadside, therefore this requirement should be easy to meet since 
higher gains are achievable with greater complexity. For example, a current sheet w ith progressive 
phasing to produce a j>eak at an orbitrary angle 0 would have a gain: 


r,(0) = 


4ir Cos ^ 



which is greater than the required gain equation 2.22. 
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2.6.3 “Ho^faw" High Gain Confi^ration 

A relatively simple high gain antenna, referred to as the "Hogline” antenna, was conceived which 
has an aperture efficiency of 97%, based on taper loss associated with an F/D - .25. It combines the 
good electron agne tic properties of the combined horn parabola, orhoghom. with the simplicity 
and constructional ease of the line fed cylindrical parabola. (See Figure 2-42.) The overlapping 
characteristics seem well suited to the rectenna application permitting access to the line feeds at 
ground level, reducing the number of diodes and associated hardware, and allowing operation at 
high power level and hence high efficiency. The higher power of the diodes and the fact that they 
are buried deep in a grounded electromagnetic horn would probably make them less vulnerable to 
damage from the EM fields of the nearby lightning. The horn and rellector could be constructed 
from the same open wire type of reflecting conductors as previously proposed. Tlie upper size limit 
would be determined by its di e*.i.ivity and hence the latitude stability of the SPS. The lower size 
limit would be detemiined by the diffraction at the edges of the reflector and horn. Further cost 
and performance trades in tl.is area are recommended. 



FEED AREA 

F^re 2-42 Hogline Rectenru 
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3.0 ALTERNATE CONCEPTS FOR LARGE PHASED ARRAY APPLICATIONS 

3.1 INTRODUCTION 

The material evolved in this section ivas conducted on a related Boei ig Company IR&D program, 
except for Section 3.2.4 which was generated under a subcontract w.th the General Electric Co.. 
Syracuse, New York, and performed by Mr. D. H. Kuhn. 

3.1.1 General Requirements 

The array aperture is one composed of a family of individual radiators. Tlie pattern characteristics 
of the array are influenced by the spatial distribution and orientation of the individual radiators and 
their relative excitation in amplitude and phase. Dynamic control of amplitude and phase gives the 
array great flexibility in a vaiiety of applications. 

imtantaneous l>e3m scanning as well as multiple beam formations are practically attainable with the 
appropriate excitation network. 

Waveguide slot arrays are used .. •'ound and airborne applications for fire control, tracking, 
weather detection and terminal guidance. .Arrays of traveling wave elements, i.e., v agis. helices, log 
periodics, etc., are used extensively for stallite tracking. Arrays of parabolic structures are emp- 
loyed in the field of radio astronomy. (See Ref. 3.1, 2. 3, 4) 

3.1.2 Reference System 

A 1 km transmit array together with a 10 dB Gaussian tapered illumination for a 5 GW system was 
chosen as the model configuration for three reasons: ( 1 ) the system operates just below the 23 
mw/cm^ threshold level expected for nonlinear ionosphere interactions; (2) the power density at 
the transmit array is at the 21 kw/m- limit due to thermal constraints for the waveguides and trans- 
mitters; and (3) a size/cost tradeoff for the rectenna and transmit array has a broad minimum at a 
1 .0 km array diameter. The specified efficiency of the spacebome array is 96 percent. 

The basic element is a standing wave waveguide slot array as contrasted with the traveling wave 
array proposed by Raytheon in conjunction with a low-gain high-efficiency amplifier. The klystron 
has been selected as the baseline microwave tube to provide an alternative design option to the 
crossed-field amplifier, the amplitron. 

3.1.3 Alternate Candidate Selection 

The basic requirements of the SPS radiating structure are met in an array of elements which exhibit 
high-gain and efficient illumination of effective areas. For this reason, omni-directional type radia- 
tors were not considered. The candidates considered in this study are: 

This work was conducted on a Boeing IR&D program 
and is included due to its relevance to this contract. 
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J.2, t Unfurlabk* Gore-Type Parabolic Array 

3.2.2 Deployable Parabolic Array 

3.2.3 Traveling Wave End Fire Array 

3.2.4 Cylindrical Lens Horn Array 

3.2.5 Enhanced Element Planar Waveguide Array 

3.2.6 Horn Array 

3.2 ALTERNATE CANDIDATES 

3.2.1 Unfurlabie Gore-Type Parabolic Array 

A candidate element for the paraboloid array is the unfurlable gore prime focus fed parabola 0 ig 
3-1 ). This antenna, when stowed, is lightweiglit and compact. The qualitative properties are indi 
cated in the table 3. 1 . 



F%ure3-I Unfurlable Gore Type 
Parabolic Array 


Table 3.1 

ADV.ANT.A(iES; • Light weight 

• Unfurlable (automatically ) 

DISADV.ANT.AGES • 1 ow aperture illumination fficiency 

• Spillover losses 

• Blockage lossc's 

• Fabric power limited 

• Total aperture not used 

• High, power density feed 


To date models have been eonstrueted for reflectors with diameters in excess of .'0 meters. When 
unfurled, the antenna assumes a pscudo-parabolic sliapc with metallic ribs covered with metallic 
mesh. The rib profile is parabolic, but the mesh which is stretcl)ed from rib to rib fonns a non- 
parabolic surface. Estimated efficiencies at 3 GH/ are given in fable .T2. 


Table 3.2 


Factor 

Percent 

Aperture illuminaiion Efficiency 

75 

Spillover Efficiency 


Polarization Efficiency 

‘>8 

RMS Surface Error Efficiency 

‘>5 

Gore Efficiency 

7d 

Bio.;kage Efficiency 

07 

TOTAL Efficiency of Element 

45 


Ihi.s work was co. ulucted on a Boeing IR&D program 
and IS included due its relexatiee l<> Ibis contract. 
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T!;is value is too low to meet SPS requirements. 

Another factor which must be considered in the design of a paraboloid array is packaging. When 
the circular elements are positioned in close proximity, twenty-one percent of the overall antenna 
aperture area is unused. This factor is directly proportional to a loss of efficiency for the array. 
Thus the overall efficiency of such a design would be approxiniately thirty-six percent. Tliis value is 
arrived at by multiplying the element efficiency (45 percent) by an 80 percent packing factor. 

Because of the iow element and packaging efficiency this concept would be difficult to justify in all 
areas except weight and volume. 

The slotted waveguide array for an SPS weighs about 1 .66x10*' kg whereas the mesh reflector array 
is estimated to weigh 1.x 10"^ kg .a factor of 100 or more lower. Tlie degree to which the efficiency 
degradation is offset by weight saving for a specific application must be determined for each case 
separately. 

3.2.2 Deplor able Parabolic .\rray 

The desenption of the deployable parabolic array is much the same as that given for the gored 
paraboloid, except that the individual radiating surfaces are perfect parabolas. The general qualities 
are given in the table (see Figure .^-2): (Ref 3.61 

Table 3.3 

• Fight weight 

• F’nfurlabie (automaticalK i 

• High illumination efficiency 

• Ptdari/ation diversity 

• Some blockage los- ( '.V ; t 

• Low efficiency aperture 
(22'" of available aperture area not u.sed) 

• High power density feed 

The configurations consist of a series of metallicribs across w hich a nie.sh is stretched and tied. Fach 
tie point is adjusted until tlie rnesh formed approaches a parabolic surface. With pre.semt stale ol 
art. the rms surface error is approximately .030". Analysis of the attainable element efficiencies is 
tabulated below : 


ADVANT.XGES: 


DISADVAMAGFS 


This wink was conducted on a BiK’ing IR&O program 
and is included due to its relevance to this contract. 
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Figure 3-2 Deployable Parabolic Array 


I his work was coiului- tcil on a Hoeing IR&D program 
aiul is incluticil ituo to its rckwaiicc to tliis ooniract. 
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Table 3.4 


Factor 

Percent 

Aperture illumination Efficiency 

98 

Spillover Efficiency 

99 

Polarization Efficiency 

97 

RMS Surface Effor Efficiency 

95 

Blockage Efficiency 

97 

TOTAL Efficiency of Element 

86.7 


This array concept suffers from the same drawbacks as the gored paraboloid array in that the total 
available aperture area is not used. Thus, the overall efficiency of the array is the product of the 
element efficiency and the array apertuie efficiency. This product is appro.ximately 60 pen.v:it. 

3.2.3 Traveling Wave End Fire Array 


An attractive concept from the thermal and structural point of view is an array of end fir * ( traveling 
wave) elements. One promising version of such an array previously analyzed ( Ref. 3. 1 , ‘ 1 0. 1 1 ) is 
the so called “cigar" antenna (Figure 3-3). Because of its syinir iry. it can provide polarization div- 
ersity, i.e., the element can be adapted to systems using RH'^ i’. LHC'P or two orthogonal linear polar- 
izations. Element spacing will be on the order of three wavelengths. 

The antenna consists of a metallic rod with metallic disks spaced periodically along its length. I he 
disked rod is excited by a circular or squa^'e piece of open-ended waveguide. Pfis arrangement i., 
especially suited to high-power applications 


The cigar antenna has been built and tested by The Boei..g Co. and a sample radiation p. rn is 
included (Figure 3-4). This element pattern exhibits a beaniwidth of 1 7 degrees and sidf 'obe levels 
on the order of -20 db. Using this element pattern, a computer simulation was made of a 6-<?lement 
subarray. This concept ope.''s the door to the possibility of invoking the Hansen-Woodyard condi- 
tions and obtainL-.g additional directivity (gain) for each element (see Figure 3-5). 

Figure 3-4 is a measured element pattern of a cigar radiator lOX long. Tlte beaniwidth is 1 7^’ and 
the side lobe level is approximately 30 db down from the peak. Using this measured pattern, a 
sample array pattern was calculated for a 3X element separation tFigure 3-5 '. ITiis is only a sample 
calculation and more work will be required to optimize the element spacing. 


The beam of an endfire array can be scanned beyond endfire causing the "visible" portion of the 
beam to have a steeper average slope, and giving rise to an increase in directivity (5.6 db higher than 
the conventional uniformly excited array ). The general properties are summarized in the table 
below; 


This work was conducted on a Boeing IR&D progiam 
and is included due to its relevance to this contract 
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F%uic 3-4 r -i Fire Bement Pattern 


j Tiiis work wa- condiic»cd on a Bwine IR&D pn^gram 
1 and IS included due to us clevancc u~ .in-> contract. 
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This work was conducted on a Boeing IR&D program 
and is included due to its rcleva.ice to this contract. 
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^ AOV^lTACiES: • Open (^imd) 

J “ ~ ^ Bi^itotton ^sa^/oMilr^ 

• l^t eflkKai^ (wper g:^) 

MSADVANTAGES: wtkmwns 

llieiaally it k also » imm^g camiidate. it prowiites an stnicture that c»i radiate 

excess heat in ^ dkectHMi$. (Ref. 3.10) 

F%ure 3*6 gn^rates oaves he^fiil in Oie d^pi of eiKlfue arrays. Etement piki is plotted as a 
fnctHiB of eioBeat fta rarioia Cnkub^ms ssume an infinite anay of endfiie 

elffiwnts. For maB si^^s, it c»i be seen th^ ^ gaa an bidividiial ele^nt b Ihnited diK to 
"anay wrihid coa^A^ effects. M ^ ^lactag b increased tte mutud coupling decrones and the 
rises in a faiear fa^im. 

3^4 Cytti&k^ LoBlhna 

Thb section i^re^nts material geiKraled Mr. D. H. Kuhn of the General Efectric Co.. Syracu«.- 
NY. 


3.3.4.I Sobanay Colouration Suital^ for the [fes^ 

A typic^ mbairay conf^ratkm isdiown in Figure 3-7 with ^nerai characteristics asmmari/ed 
Iwlow: 


ADVANTAGES; • Hi^ eflicieiu'y 97.6^ 


DISADVANTAGES 


Occupies increi^d volume 
We.Jit 

Increau^ compkxity 


The subatray size has been chosen at 10 meters by 10 meters as beiiig snail enough to not rejuire 
active subarray adjustment de- ices. The subarray consists of 5 cylindrical lenses each lOni by 2m 
as illustrated. The use of multiple lenses rather ti.an a sin^e lens to cover the entire 10m >; lOn 
subarray has several advantages: 

• It aOows the RF fK>wer sources to be dbtribuled over the subanay for better heat radiation. 

« The thicknes cf the lens region is much le». pennitting the lens to be unzoned, thus avoiding 

the losses associated with zoning 

• Diu.ensic ns of material parts is reduced, thereby easing the problems of tiansportaiion and 
construction 
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Ot«&4m4 

W power may be fed n i naMKir At ^ on^ ihA $^uimgi toud 

eubtmy power of 2SOO kV irarid be ^piotL TWs cotM be ftimhhed. f(Mr ex«e^. by 46 1^ 
strons eadt having a power WQf of 63^ kV or pnitr. tM$ tuAe coMptamit cai be »mm- 

, : j pi oJil e J S on wa^tiMe of eadi kns» spKi^ tern at 1.25m mler> 

vabMdOTt9Gngdirec%tatottefeed««vefUMfe. As ^ power levd b mhiced for the SHtewnys 
lemrved fnm tte o»lerof the stay, Ate number of tul^ cm be itihiced. WINn it is desired to 
use less thsi S a ercBS gukk can be sided, couidk^ to tls 5 kns feed piMes. Tl»e power 
‘ tubes thsi be mmuited mi the cross guide which disirttiutes their power to the 5 lenses. The 
lens feed gtddes and tlw ckbs guide would both be resonant arrays, so that the power distriinitiMi 
frcmi the cros gin& to the kns guides, and frtmi the km pikks to the rmHaling skats is equal to dl 
PMts, thus providmg a unifoim excitation of the ndiating dots over the entire uibarray. 

1.2.4.2 Leas Oesipi 

A p^Ak kns d^fB is diown in Ft^e 3-9. Ibe km comists of a waveguide feed which has iMip- 
Mdbid in die b.<»d wdi, providing untfonn power excitation along the axis of tte kns, with 
iralarization perpendicular to the avis. The nidiatiMi frtMR the waveguides b ^ided to the km by a 
(kred Hmii. This maoitaim a cy^irkal wave to dw km surface, ii^tring a unifMm power distiib- 
utkm cm the kns and avoiding spillover losses. Thus, the structure is really a cylindrkal lens i 
rected hesa 


A flare an^ of 40® is used in iIk horn ^Iim, which remilts in an F/D ratio of 1 .59. This has been 
chc^n to maintain the thkkne^ of the tens •ection reasonably ioa. permitting the kns to be 
unzoned, and thus avoiding the shadowing and diffraction losses which occur in zoned lenses. The 
lens itself conasts of a ^rks of thin plates with a separation of 3 inches, resulting in an index of 
refraction of 0.6 for ihe kns. The flared horn sides could be constructed by ^veral alternative 
methc^, such as a wire ^d. by panels of structural foam pai^ls. lightly metallked on one ade. oi 
by jdastic sheets with embedded conduftors. If plastic matenals are used, they must, of course, be 
able to airvke long periods of time in the ^acc environment. 


The recommended solution is a structural foam panel with stiffeniiig ribs and with a th*n coat of 
conductor on the interior surface, as illustrated m Figure 3-8. 

One of the important considerations is the reflection of cnergv at the lens surface. St,-veral design 
alternatives were considered, such as using a low index of refraction to minimize reflections. It 
became obvious, however, that the retkclion losscou'C only be reduced to acceptable levels if the 
kns is matched. It is sug^jested that the lens be matched by metallic irises at each surface of Ihe kns 
as illustrated in Figure 3-9. l>.is cmnpiicates the construction of the kns plates, but appears to be 
necessary'. Since the lens is desired for . 'ingle frequency and is not scanned, it drould be able to 
obtain a ^od match For the purposes of estimating losses, it has been as.<aimcd that Ihe flat sur- 
face is matched !o a VSWR of 1 . 10; 1 and that the curved surface is matched to a VSWR of 1 . 1 5. 1 . 
The» are believed to be conservative estimates. 
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3.14.3 Lem Losses «ad Efficiaicy 

Ite Ike }ei» *'» ueeb md is Trtfe 3.$. 




1 


§ i 
¥ ■ 


Ttelossm^ to wav^^feattemiation varies, cbpeiMlit^ upon ^ number of tubes ft^ttiiig 
the Imis v raveg uttte feed, from a aaxmiiun of .0063 for a sai^ fmd to a rabimtuBi of 
for aat of 8 Mbes fo^lmg tte vravefukfo. An esthnate of .0036 has been m»le fm the 

tcda! ims avcrsied ot«r the entiie antenna. Alominum WR-430 waveguide having a toss of 
J31 <0per tOOfthmbe^imedfo Umcaictdarion. l^se comimtatkMis imdude Utt effects 
of the stai^mg wave hi the reamant anay. 

Hen Wjjril An^MBriM 

AehonwaHh^eshanei^stmied At comhicti^ steets teving f^sOms 
.O ltll dtam 1^ sqpimi which b a raOKT poor conditkming airfare. 


c. 


The tens teftectionshave b««n estimated assuming VSWR’s of l.i and I.IS can be laittev^ on 
the flat and ciwed w.faees, te^^tively. Effects of multiple reflections m the tens have been 
ne^ected. 


d- Lens Attenuation 

This loss is due to attenuation of the wave propagating through the tens plat region. Alumi- 
num -slates have been assumed. 


e. niase Enors-Lens Plat Spacii^ 

Variations in tens plate spacing causes aperture phase errors and reailts in energv loss due to 
imperfect codimation. The loss shown results from an rms phase error of 3.14^, corresponding 
to errors distributed between ±5.4*'. This results in lens plate tolerances of ±.041 in at the 
center of the tens of ±.009 in at the edge ot the airay. Titter control at the edge of the lens is 
required due to the greater thickness of the .ens at this location. Of cource. tradeoffs more 
favorable on errors may be made once actual error distributions relating to a given construc- 
tion technique are known. 


f. Phase Errors-Waveguide Displace ment 

Phase errors are abo ccuscd if the feed waveguides are not in a perfect plane. The loss given in 
Table 3-5 for thb item corresponds to a tolerance of ±.094 in in the displacement of the wave- 
guides. The total lens losses of .0233 or 2.36^ are consistent with efficiency goals for the 
beamforming system of the SPS system. This figure is based upon achieving the tolerances of 
Table 3.6 and the assumed degree of tens surface matching Fuesc !'«ses do not include that 
due to misalignment of the overall subarray. 
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F8ACTI0M LOSSES IN LCTS 

. Hawigufife Attenuatlcm 
Itom Uall Attenuation 
Lens Reflections (2 Surfaces) 

Lens Attenuatim 

niase Errors - lens Plate Spacing Tolerances 
Phase Errors - Uairagultte Olsplacenent 

TOTAL LENS LOSSES 


Tdiie 3.6 Important Lens Tfderuaces 


Lens Plate Spacing 


+ .041" at 


+ .009“ at 


Out of Plane Tolerance on Waveguides 


+ .094" 


?i 


.mm 

.m%7 

.am 

.OOB 

.DOS) 

.0232 


lens center 
lens edge 





3.24.4 CmfracttaKlMnaiias 

Hesurfme must be contit^^ m die lens »i»«iiia is in tfie wawguMk». 

wh^ mmsi kept afigaed m a pbne. and in the of the lens plates. 

Other phyacal lefatkmships, such as the tilt of the lens with reflect to the f^d guides are rela^e^ 
unhnpotant. 

The tt^rance hi ^UKhig of the lens plates can be maintained by transver^ plates, reailting in an 
“egg crate'’ structure. Hiis wouM hav? ne^igibie effect on ti^ electromagnetic performance if tite 
transverse pb^ are then. 

3.2.4.S Zm^ Cbnsicmd^ 

&mingof the lens he been htvest^t»l as a p<»able means of reducing the depth of the lens and. 
hcnoe, its ma^ Fi^ie 3-10 Uhistratcs three methods of zcming. Hie exampks diown in Fi^e 
3>IOa and 3*l0b illustrate zcming on tlK refr^thne airface. remiting in shadowing or energy not 
properly coOimated. This, of crMirse, results either in loss gain exhibited by hi^er sUelobe 
emt^ m* in the ottering of incMent ener^ into uiK'ollimated cner^. The type of zoning ^own 
in F^ire 3-10 is tm a non-refracting airface and does not remit in diadowing. S. B. Cohn m^ests 
that, in a cylindrical lens such as is being considered, the edge of the step can be covered with a con- 
ducting strip as iUustiated in Figure 6c in order to prevent undesirable interaction between waves 
internal and external to the volume of the lens. This surface is perpendicular to the K-field and, 
hence, the strip represents an E-plane bifurcation, and presents no impediment to the wave. These 
steps will also sene to increase the structural rigidity of the lens, and help in manufacturing the 
r^uired pacing of the lens plates within tolerance. 

In the p.csent lens derign, zoning is not possible because the increase in the lens depth from center 
to ed^ (7.6 inches) is les than o.:e guide wavelength (8.04 inches). Thus, no decrease in mass is 
possibte. Fur a shorter focal length lens, or a wider aperture, zoning could probably be used to 
advanta^. 


72 




Dl80-2^«4 

V 

3.2.4.6 Wei|^t E^ieatien 

|jt The weight of die 2m x |(kn tens h&s teen estunated with certain asmmptkms as noted'- 


IteiR 

1. Waveguide 20 meters long 

WR430 ^lide with 0.010 in aluminum walls 

Pounds 

4.95 

Kg 

1 25 

2. Horn walls 

Based on 1.5 density 

Foam - avg. thickness = .5 inch 

37.5 

17.0 

3. Lens plates 

Avg. he^t = 7 inches 
2in v^th 

Thickness = .01 inches 
No. of plates = 131 

74.5 

33.8 

4. Matching strips 

20 

9.1 

5. Support structure 

42.2 

19.1 

Total (2m x 10m) 

Total wt for 10m x 10m subarray 
Wt/square meter 

179.1 

895# 

8.95#/m2 

81.3 Kg 
406 Kg 
4.06 Kg/m 


This weight is estimated to exceed that of a slotted waveguide array using by a factor of at least 3 i . 


In considering the weight distribution, it is noted that the greatest weiglit ‘’ontributors are the lens 
plates, the support structure and the ho*" jvalls. in that order. Although some economics in weight 
can possibly be made, it does not appear possible to make the reductions needed to match the 
weight of the slotted waveguide configuration. 


3.2.5 Eidianced Etetnent Planar Waveguide Array 

The planar waveguide slot array is an excellent candidate for the basic radiating element because of 
its inherent high radiation efficiency. In the case of the standing wave slot array, uniform aperture 
illumination is obtained by adjusting the conductance of each slot to be tbe same value with the 
total susceptance equal to that of the feeding waveguide. (Ref. 3 j) 


This work was conducted on a Boeing IR&D program 
and is included due to its relevance to this contract. 
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The gain (efficieitty) of ttie array can be further enhanced through the use of the “pseudo” slot 
dipole radiating element (see Fipire 3-1 1). This element uses parasitic monqpole/dipole radiators 
(see F^ie 3-12) in conjunction with the conventional slot. In so doing, the E plane mutual cou- 
pling between elements is dramatically reduced. The introduction of these paraates equalizes the E 
and H plane patterns of the discrete element and eliminates the back lobe in its radiation pattern. 

These factors compensate for edge effects and decrease the beamwidth of the composite array, 
resulting in increased gain. The general properties are summarized in the table below: 


ADVANTAGES: 


• High efficiency (~99%) 

• High pass structure reduces RFl 


DISADVANTAGES: 


• Increased weight 

• Thermal dissipation 

• Complexity of construction 


REMARKS: Slot Dipole Configuration 

• Reduces mutual coupling 

• Reduces back lobe 

• Equalizes E & H planes 

This design is desirable due to the very high efficiency, the power handling capability of the basic 
wavequide and the relative ease of fabrication. This concept is well understood and is in wide use 
for a variety of applications. 


Experimental results (Ref. 3.5) fora small slot array, i.e.. 60 slots, indicates an improvement in 
radiating efficiency of approximately 10 percent. In this small array the pattern improvement is a 
result of the partial elimination of edge effects. This type of element will improve performance of 
the subar ay by eliminating back lobes due to edge effects. 

3.2.6 Horn Array 

A proposed configuration is an array of conventional pyramidal horns (see Figure 3-13). This con- 
cept is attractive from a weight standpoint when the hums are constructed of a mesh. Unlike the 
cylindrical lens this concept uses uncompensated pyramidal horns. This idea is less attractive 
because of the emplitude and phase taper required in the individual hem radiators. 

The gain of the ideal aperture is given as G=4n A/X“ where A is the aperture area. Southworth (Ref. 
3.2) calculates the gaiii of a 10.5X“ pyramidal horn aperture at 1 8 db. Applying the gain formula 
for an ideal radiator with this aperture results in a value of 21 .2 db. This value is 3.2 db higher than 
the gain obtainable from a practical pyramidal horn. 

This work was conducted on a Boeing IR&D program 1 
and is included due to its relevance to this contract, j 
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A horn i^rtoire therefore has an efficiency factor of 44 percent. This low efficiency factor is a 
multiplier for the overall army aperture effeciency and is unacceptably low for the S*S application. 
TTie pn^rties of this array are again summarized below: 

ADVANTAGES: • Light weight when constructed of mesl) 

• Good lens efficiency a 90'* 

DISADVANTAGES: • Low efficiency i44',i ) with no phase 

compcns.ttion 

The efficiency of the horn aperture can be improved through the use of a lens as shown in Figure 
3-14. As indicated, the lens is zoned to conserve space and weight. Ihe e’Ticienty of this arrange- 
ment is estimated at about 90 percent. 

3.3 DISCUSSION OF RESULTS 

Arrays of conventional circular parabolic radiators, although efficient from element *o clement. 

St ^ .1 a 20 percent overall degradation due to packaging geometry. This fact effective^ eliminates 
♦he parabolic concept. 


The eylindricc. lens horn array exhibits high efficiency, however, weight and complex assembly pro- 
cedures are drawoacks. At present these problems arc being addres;;eo and a new Ue .gn is evolving. 

The .array of endfire traveling wave elements is a promising concept from a thennal environment 
point of view. Its elements, spaced approximately tw'O feet apart, provide a transparent open struc- 
ture for thermal radiation. At present, no comparative weight estimate is available. 

Serious cuiisideration nu,j. be given to the use of enhanced slot elements in the planar slot ana\ to 
eliminate efficiency loss due to edge effects 

Table 3.7 is an attempt to summari/e and apply a relatne weighting faetoi to the pertinent cheiac 
teristics of eaUi clas.s of antennas considered. Tlie slotted waveguide array, because of its compati- 
biiii' in all categories, is consi.lered the first dunce m element selection, 


Tins \vork was conducted on a Boeing IRi< T prognim 
and is included due to its relevance to this contract. 
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F%iae 3-14 Space Fed Stq^ted Cyttndiicad Lens 


Table 3.7 Configuration Tiade Chart 


FJ^TOft 

SLOTTED HAVE- 
6U10E ARRAY 

cylindrical lens 

E!®-FIR£ 

ARRAY 

PARABOLOID 

mM 

ESTIMATED 

ELUENT 

efficiency* 

96-97£ CONVENT lOtiAL 
9<« EfMVNCEO 

97. 6S 

98S 

60S 

HEIGHT 

NOIXRATE 

fRIOERATE (HIRE GRID) 

MODERATE 

LIGHT (MESH) 

MANUFACTURING 

cowlexity 

STR' IGHT FORWARD 
ASSEMBLY 

COMPLEX STRUC- 
TURAL INTEGRA- 
TION 

MODERATE 

MODERATE 

TKWtAL/POHER 

COWATIBILITY 

MODERATE 

(CLOSED STRUCTURE) 

MODERATE 

GOOD 

(OPEN 

STRUCTURE) 

GOOD 

(OPEN STRUCTURE) 

R.r ./ structural 

CtWATIBiLlTY 

GOOD 

G(X)0 

GOOD 

MARGirJAL FEED 
POWER UAtKILlNG 
CAPABILITY 

RISK FACTOR 
(RAO REQUIRED) 

J 

WELL UNDERSTOOD 

WELL UNDERSTOCK) 

COUPLING NEEDS 
INVESTIGATION 

HELL UIfflERST(X)D 


DECREASE IH OVERALL EfflCIEHCY DUE TO ELEMENT PERFOftJIArCE. 


This work was conducted on a Boeing IR&D program 
and is incluticd due to its relevance to this contract. 
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4.0 HIGH POWER TRAN&MriTER 


4.1 INTRODUCTION 

The rf transmitter approach has been to consdor high power klystrons to at least the same level of 
depth as has been done in previous NASA studies for the crossed-Held amplifier. This by no means 
implies that the reference klystrcm design is the preferred solutitm; merely that such a transn- 'tter 
c» be Bitepated into the cwerall antenna array de^n and that it does have certain desirabfe 
features. The ultimate diokre wil have to be m^e on basis of demonstrated performance assess- 
ment (rf' both types of devkxs. particubrly in terms of life. efTkiency. spurious radiation, eax of 
int^ratkm and replacement, and ^ecific weight. 

The referents dessn approach for the kiystrcm had as its obfective high efficiency at a 

reasfmabk volti^ (>40 kV): our discussions with various tube manufacturers have led us to a 
design with the parameters as given in Table 4. 1 . These paraii.eters do not result in the lowest speci- 
fic v^eight and c<Kt klystron (sec trade study. Section 4.5) Init provide a baseline on which to esta- 
blish a reference design. 

4.2 ALTERNATE RF SOURCES 

Although not within the scope of this study, it is of importance to maintain an awareness of 
alternate rf sources. Snee in the anticipated SPS time scale, state of art advances could occur 
requiring a review of the current approach. Enviionmental issues aich as noise. X-ray level, and 
maintainability could preclude the selection of what previously had been reviewed as the most 
cost effective candidate. 

4.2.1 The AmpHtronfRef. 4.1?c) 

Raytheon, the originator of the amplitron. lists the critical development items as f i i obtaining SS'a 
efficiency with a pure metal cold cathode in a passively cooled system; (2 ) cold cathode starting 
with r.f. drive of 1 kW; (3 > noise level meeting RFI requirements; and (4) compatibility of passive 
cooling with r f. design criteria. Additional factors include <5 ) overall s> stems impact of series con- 
nection of many ainplittons in the traveling wave array, and (6) systems impact of a low gain ampli- 
fier on control circuit complexity. The comparing of specific weights and costs alone are not ade- 
quate and should include all aspe-ts of the rf chain including control circuits, phase lifters, 
required filtering, protective circuits, etc. It is hoped to perform such a trade study in follow-on 
work. It will also be of interest to see how well the injection-locked magnetron perfonns in pro 
posed array tests at JPL. and whether it could develop iiito a potential candidate r.f. source. Some 
aspects of klystron and amplitron operation are compared in Table 4.2, indicating several factors 
not covered in previous studies. 
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TMe4>l Rcfcfoiee lUyttifiB Daipi CMteria 


0RI51BIAL gf 

KKit OnAlJHf 


KMIEII 

LEVEL 

mtnv 

•ASCO ON A PCRVt ANCE Of S " OJ5 a Ml* - A1 OCTERMMCD TO 

MAMTAIN WCH EFFIOCHCV # MAX. Vm.TACE M 42.1 K«. 

COLLECTOR 

S^OIIENT 

DEPRESSED 

COLLECTOR 

aASEO ON CXKIHMENTAL RCSR.TS ON COLLECTOR RECOVERY OF % . TIL 

ORT AHtEO BV UTILIZIMC AS SMALL KFOCUSIMG CO*L IN THE COLLECTOR SECTION. 

NF DESIGN 

SM6LE2»H> 
HARMONIC BUNCHING 
SIX CAVITY DESIGN 

A OESI6N OPTION RESULTWiS M tNGH BASK CFFIOENCV M A COMPACT OmPT 
TUBE CmmCURAVION. 

TO obtain A SAM ABOUT 4* *. RESULTING M A SOLID STATE DRIVER FCASWNJTV 
AND LOW POWER PHASE SMUT REQUIREMENTS R »«MTT» 

FOCUSING 

SOLENOID IREF.) 
mTPM (RITURE) 

TO OBTAIN mmiEFFICIEIKV WITH ALOW P.iSKItfPINMCH. WMTIC PROCESS 
OF SPS OEVELOFMENT. A MSH FOWEL SAMAMUMCCMALT FM/PPM OLSKM CAN BE 
PIMVEN WITH GOOD EFFIQENCV. IT MIOUl J BE COIMWEREa 

THEmAL 

D^M 

HEAT PTE WITH 
PASSIVE RADIATORS 

TO 06TAM THE DCSIRCDCI* LEVEL WITH CONStRVATIVE MEAT DISSIPATION 
RATM^ 

Mixau^Y 

HWTECTKM 

MOOULATDfG 

ANODE 

TO PROVIDE RAPID PROTECTION SHUT OFF CAPABILITY AT THE INOIVIDUAL TUBE 
LEVEL, KOPCFULLV OBVIATING THE NEED FOR CRORRAR TYPE OF TURN-OFF. 

CATMOE 


TO (»TAIN A cathode EWSSION OF < 200 TO OBTAIN 30 YEAR LIFE 

TO QI^SICM WEAROUT. 

fOHER 

EXTRACTION 

2-PORT OUTPUT 

IKan.TIHG M RATMG 35K«i CW PER EACH WAVEGUIDE OUTPUT. CItf ABLE OF 
OFERATRKi IN VACLAM WITH RADIATIVE COOLUM 04N.V AT A TEMPERATUIK 
KLOWSOO^C. 


Table 4~2 Some Fntuies of AmpUtron and Klystron Des^ for SPS 


S»VTS*S 


ITEM 

Ar.1PLITffiM 


KLYSTRON 


POWER 

SKW-;/ith lO® TUBES 


SB2») KW WITH <11^ TUBES 

• 

EFFICIEFKY 

8590% 

• 

KtSSX 


CATHODE 

COLD PURE METAL 
(AVAIL LIFE DATA - 10.000 HR) 


THERMIONIC OXIDE/MATRIX 
(AVAIL LIVE DATA SO.OOO HRS) 


GAIN 

7cib 


40 db 


VOLTAGE 

20 K« 

« 

40-65 Kv 


^RIOUS SIGNAL 
AM HYP.) 

• lOOdb/KHz 10 MHz 
FROM CARRIER 


-125db/KHz5KHz 
AWAY FROM CARRIER 

• 

TUBEMTBF 

COMPARABLE 


COMPARABLE 
PERHA.PS SOMEWHAT LESS 


THERMAL DISSIPATIW* 

CONCENTRATED INTERACTION REGION 

1 

DISTRIBUTED. COLLECTOR CAN RON 
500 7(W“C, REQUIRE HEAT PIPES 

B 

PHASE SHIFT 
Tl«£-TUBE TRACKING 

HIGH POWER PHASE SHIFTERS 
2® PER % CHANGE IN BEAJ.1 CURRENT 
t15® PHASE TRACKING 

1 

LOW POWER PHASE SHIFTERS 
10®-30® PER % VOLTAGE CHANGE 
i20® PHASE TRACKING 

B 

SPECIFIC COST 

~te0/Kw 


S4S^IT 520/Kn 
FOR ABOVE POWER RANGE 

■ 

»>ECIFIC WEIGHT 

0.4 kg/Kw 

■ 


■ 

ARRAY INTERFACE 

SERIES OPERATION 
NO FEED WAVEGUIDES 


POWER ADJUSTS TO VOLTAGE 
CHANGES CORPORATE FEED 


TURN-ON 

DIRECT FROM BUS BAR ? 


MAY REQUIRE LOGIC SEQUENCE 


X-RAY LEVEL 
(RANGE FOR 5 mR/YEAR) 

SAFE O METER 

# 

SAFE V MB km FOR 70 kw DESIGN 



•SIGNIFICANT AOVIWMTAGE 
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4.2.2 SoM^le ItFGefleratiM 

Hk state aivroacli to hiflter power rf ^nerat^ is also worthy of con^o^: ion in view of 
current deveh>i»iients. but is not a subject of emphasis in this study. Table 4.3 inuicates the state of 
art ai I^K^ar sdkon transistofs^' ^ whkh ate the iikdwst high efficiency candidate ai 2.45 GHz. 

With printed technrdogy advances, it still api^ars that power added efficiencies with 10 dB gain 
wiU be ui the 70-75^ region. whKh is lower thc.n the prcp<»ed electron beam devices by about 10^. 
On the basis of specific wei^t, they do not look to be very prmnising. Estimating 0.2 ibs for a 50 
watt transistor wouH result in 1 .8 kg,/kW. which is several time- that of etectron beam devices (0.4 
to 0.8 kg/kW). Current cort for ‘large” number of units ( 1 0,000) is approximately S I per watt, 
and even if they should decrease by a factOT of 10 to SlOO/kW. they would be somewhat greater 
than Uk prciect^ costs of eketron be^ devices ($15-70 per kW). There may. however, be emn- 
i^nsating factms such as high reliability, which need to be investigated in an overall cost effective- 
n^ trade study. Also, innovative array integration concepts such as proposed by .Aerospace 

A ^ 

Corporation . deserve further scrutiny in the overall concept. 

(^her potential ^lid state candidates'^ -^ of interest include Imparts and Field Effect Transistors 
(FETs). State of art performance in these devices is typically 

(a) Impatts: Special profile Ga.As Schottky barrier diodes have achieved 37'J efficiency ^ 3 GHz 
W 3 watt level. We project 2(' wans per device fr 40'( efllciency in the I ‘780 period at junction 
tem^ratures compatible with 30 years of life ( 2(X)®0, 

(b) FETs: Silicon FETs have demonstrated 441 efficiency 'S 3 wall level 4 GHz and we 
pre^t performance i§ 10 watt level, possibly ® 50-60^^7 efficiency at 2.5 GHz in the I^SO 
time frame. 


Although these devices do not appear to be cost effectivefSI per milliwatt today) or competitive on 
an efficiency baas, progress in their rapid development should be monitored for future impact. The 
Electron Beam Semiconductor lEBS) amplifier also falls in this category . 

4.3 HIGH EFFiaENCY KLYSTRON DESIGN CONFIGURATION 

4.3. 1 Introduction 

Cons'derable data has now been accumulated on the feasibility of an 80-85*7 high power klystron 
design from previous studi.'N^ - discussions with Gfc Power lube IX'pt."^’^, Sclieiiectady'; 
Thomson-CSF Electron Tubes*^'^; and NASA-l ewis** The most likely compact or to 

realize both high efficiency and higli gain C'40 dB) is a 6 cavity design with one second harmonic 
bunching cavity focused by an electromagnet as described by E. Lien"*’ * * of Varian A,ssociates. A 
refocussing section will probably be required for efficient depressed collector operation. .An outline 
of the klystron configuration is given in Figure 4. 1 . The preliminary power output is dictated by 
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T*M«4-3 ^NwofU^EfflckacyTrmrirtnn 

• CKIEVED Lft^TORY PERF0f^»CE 0» QJSTQN UlITS 

300 fWz: 88S COOECTCR EFFICIENa ACHIEVED 3 25 MAH CW LEVEL, 
11 DB 5k\n 

MOO UMITS ailLT) 

1 6fe: 75X 8 50 KAn CW, 28 V.0.C, 

('5C UNITS BUILT) 

3 C’Hz: 60-63 3 10-15 KAH CV, 8.5 DB GAIN 

(CORRESPONDS TO S2-3S NET EFFICIEKa) 

CAN Zmm FOUR UNITS INTO h Sm Qt PACKAGE 3 SI 
aCREASE IN EFFICIENCY. 

• PWXJECTED 1^9 PEirWiriANtt IN HIGH RELIABILITY WUTS 

5 GKz: Sd C(M.LECT0R EFICIEHa, 10 DE GAIN HITH mm 
DEVELOPMENT EFFORT, 

(70-73 NET EFFICIENCY) 

im - ’20®C JUKaiON temperature rewired FOR L0!« LIFE. 


Ref. ^ver Hvbrid Corp. 
Torrance, California 



F^ure 4-1 Reference Klysiroii Configuration 
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tke ^sue to keep «t>e <nperat^ vcdt^ tow ^ the 70 kW CW (nitput tovel resulted from a maxi- 
mum seated v^t^ of kV. retained frmn a «ries cMiKctKm of two 20 kV supi^ks. If 
die f^uireraent can be relax^, even h^er po«^r t^Ucms b^xme of interest. It is not possti^ to 
expect the l»sic klystron efikiency to exceed 70-75% without coliector depression. Allhou^ 
toi^esave pke have beat achieved m racing the efikiency fran 54% to 70% or so with a 10 
stage coBector'*’ tire estmiated effkkncy gain due to 5-sti®e collected depresaon indkated in 
Figure 4.2, at the 75% level is only about 8%, resulting in an overall efTiciency of about 83%. These 
are best estimates only, and wiU have to be verified by experiment, since the velocity distritnitton of 
the spent klystron beam entering the collector is not precisely known. An alternate way to arrive at 
the efikiency esthnate is to trace the em;ify flow thiou^ the IdystitNi, as done in TaMe 4.4. bas^ 
on best de^p vahres crittamed from Varisn Aaxictates. In this care, sli^tly different values of cerf- 
tectw recovery potential were used (40% for 3-segment and for 5-regment colkctor) to evalu- 
ate the differential benefit betw^n the designs. It appears that the net benefit of a 5-stage collector 
over a 3-stage colkctor k betw^n 1 .5 - 3.5 kW per tube. This has the doubk beirefit of k» eke- 
trkal power to be supplied as well as less theimal power in the collecior to be dissipated. 

It is of interest to note that the range of efficiencies arrived at from Figure 4.2 are 80-86% whereas 
those derived from the ener^' t^hmee (Table 4.2) are 82.4% to 86.2%. These values must be 
reduced by the required solenoid and heater power, estimated (& 1.5 kW. resulting in a net effi- 
ciency range of 8 1 .2 to 84.6% based on enei^f balance. These ranges of efficiencies agree reason- 
ably well and are indfcative of what could be expected. 

As part of the current study and in support of the klystron implementation Varian A^oemtes under- 
took a subcontract which is documented separately. ,A computer run was made (K)FKLY) which 
largely confirmed the results already indicated, also verifying the perveance reiection for high effic- 
iency operation. These results are summarized in Figure 4J and will be furtl'.er discussed in the 
trade study Section 4.5 and Appendix A. 

4.3.2 Depressed Colkctor De^n 

One of the greater uncertainties in the design is the velocity distribution of electrons in the output 
gap, particularly for a high basic efficiency tube. There are few guidelines short of experimental 
verification which will thus allow the selection of proper depressed voltages at each collecting elec- 
trode. Varian has reported that about 10% of the electrons develop twice the d.c. beam voltage in a 
50%! efficient tube. We estimate that this will be reduced to perhaps 2% for an 80-85% efficient 
tube. To obtain initial specifications for the collector supply, an estimate was made of the possible 
voltage ratios required, as indicated in Figure 4.4. The postulated collected currents associated with 
these are also indicated, the criteria being a reasonable distribution based on extrapolated experi- 
ence and an energy balance resulting in the expected efficiencies. These were uced in setting the 
supply requirements; the supplies themselves need not be regulated since a 10% fluctuation in them 
is not expected to affect the operation of the klystron bunching region. 
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F^wre 4-2 Estimat«l Effect of Collector Depro^n 
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TaUe 4-4 En^y Balance in Reference Klystron Peagn 



2SEGMENT 

COLLECTOR 

SSCGMENT 

COLLECTOR 

MANPOWER 

92.62 Kw 

92j62Kw 

RF L<^ IN DRIVER CAVITIES 

.40 Kw 

.MKw 

RF ptnvER pumrr^ 

70.66 Kw 

70.66 Kw 

LKHPUT cavity RF LOSS 

2.19 Kw 

2.19 Kw 

OUTPUT INTERCEPTION LOSS^ 

1.62 Kw 

1.62 Kw 

PCMHER ENTERING COLLECTOR 

17.7S Kw 

17.75 Kw 

COLLECTOR RECOVERY 

7.10 0 40% 

10.65060% 

THERMAL LOSS IN COLLECTOR 

10.66 Kw 

7.1 Kw 

NET BEAM POWER 

M.62KW 

81.97 Kw 

EFFICIENCY EXC. SOLENOID 

82.6% 

M.2% 

NET EFFICIENCY^ 

81.2% 

84.6% 


1. ELECTRONIC EFFIC (.79) x OUTPUT CIRCUIT EFFICIENCY (.97) x REMAINING POWER (92.22 K«v) 

2. BASED 4% INTERCEPTION 0 V „/3 (33%) and 2 (67%) i.e.. .0178 V„l„ 

3. INCLUDING 1.S Kw FOR SOLENOID AND HEATER POWER. 
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Figure 4 J Klystron Design Parameters 
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F^re 4-4 Reference KJystron Depressed Collector Des^n 
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4.3.3 RegalatioB 

The klystron drift-tube interaction depends entirely on the electron velocity at the anode which is 
di^ndent on the cathode-tOHnodulaticm anode voltage and modulation anode-to-body voltage, 
which are in serws with each other. The amount of current intercepted at these electrodes is 
roughly 4%, which at the full cathode-anode voltage conespcmds to 4% of the beam power. The 
remaining beam current is collected in the collector and does not require regulation, it is adequate 
if it rises and falls with the beam Voltage. The only requirement on the collector voltages is to avoid 
returning some of the electrons into the interaction regions, which is aided by the presence of the 
refocusing coil; it is estimated that if these voltages are within ±5% of their nominal values. etTi- 
ciency will not be degraded. 


The requirements on the modulating anode and body voltage are dictated by phase. Consider the 
klystron design, with an input to output gap transit distance of L, a beam velocity \' and frequency 
f. Then the total phase through the tube will be 360 LCv degrees. For v = 1.9 x 10^ y/ Vj^y in 
meic«/sec, L 16” = .41 meters, f = 2.45 x 10^ cycles/sec. V = 40 kv. 


3W.4D2.45 X 10^ 
1.9 xIO^ 


3009° 


4.1 


At 41 kv, this calculation yields 2972®, 


dp 

dV 


370/kv 


4.2 


To first order, the effect of subarray-to-subarray phase error is independent of subarray size, deter- 
mining only the position in space where sidelobe energy is radiated rather than its amount: thus, 
the phase error at the individual klystron level can be taken as roughly the same as that allotted to 
each subarray . 

Using the criteria of 10® derived by NASA JSC^‘ this translates into a regulation requirement of 
±.67% @ 40 kv. provided there are no other error sources and that klystron-to-klystron phase errors 
are not correlated. Although it is likely that voltage fiuctuations on all klystrons on a given con- 
verter will go up and down toother, the time delays in distribution, of the order of fractions of 
microseconds, will make them appear as though they were uncorrelated at a given instant at all klys- 
tron terminal-s. With this in mind, the initial regulation requirement on the modulating anode and 
body supply were set at 0.5%. However, it is anticipated that this can be relaxed even further, 
since it is contemplated to include the klystron itself in the phase compensation loop, which will 
automatically adjust the total phase shift through the klystron via the low power phase shifter at 
the input, as discussed in section 2.5.5. It is of interest to note that recent tests of equivalent elec- 
tron beam TWT’s have achieved ±7.5® tube-to-tube phase on a groundbased phased array 
application. 
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4J4 Elt^rmi Fc>c«^i^ 

The focu^ng options for the klystron indicated in Figure 4.5 include (I ) straightforward solenoid 
electrranagnetk focusing (EM) based on confined flow experience. (2) maltipie-fK>i^ electromag- 
netic focusing with periodic fleld reversals, introducing the possibility of permanent magnet (PM) 
implementation, (3) periodic permanent mapiet (PPM) focusing used successfully of low and 
medium power tubes (mostly TWT's) and (4) combined PM/PPM focusing wherein the PM section 
at the output is used to retain good efficiency as well as best collimation in the hi^ power r.f. 
region. The low risk approach of ( I ) was adopted in order to achieve highest efficiency, but R&D 
efforts in a combined PM/PPM approach should be investigated for possible later incorporation. 


The ma^tk field required to focus an electron beam is ideally the Brillowin flow value 

69 L 


= 


in gauss 


4J 


V a- 


where 1 q is in amperes. in volts and beam radius “a" 

87 f 


B. 


in meters. Tliis can be written as 
gauss 


4.4 


where S is the microperveance S = ( 1 ^/% ^ .x 10 , f is frequency in GHz. 7 = 2 xf/Vp, and a = 

beam radius. 


For good efficiency, (he dimensionless parameter 7 a is designed to be between 0.6 and 0.8. resulting 
in a value of B^ for the reference design of 

B,, = 87(2.45) v ^/-6 = 178 gauss 

In practice, the actual required magnetic field to achieve high efficiency confined flow is perhaps 
3 X Bq 2 530 gauss. In order to achieve a conservative design, we have initially selected a capability 
of achieving 1000 gauss in the solenoid when operating at 300^\'. Using solenoid design curv es 
obtained f'om Hughes (Fig. 4.6a) and selecting a minimum ID dimension compatible with directly 
winding the solenoid on the tube OD (allowing only for a cooling gap ) i.e.. .U* solenoid ID. one can 
conduct a trade study of required solenoid power and vveiglit as a function of solenoid OD. 

The outer diameter of an S band cavity for optimum klystron design is in the range of 
kd = l-l.5^'^^ where k = For 2.45 GHz.X = 4.82 inches, i.e.. 2d = 2.3 inches max. Allowing 
for outer wall thickness and a cooling gap. we arrive at a solenoid ID of 3". Figure 4.6b shows the 
trade of solenoid power and weight with coil OD. Revising the calculations for a solenoid operating 
temperature of 300”C. according to 
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Figure 4*S Methods of Focusing Klystron Beam 


SPS-1M? 

«M>PER SOLENOID 3" ID. 1000 GAUSS. 16.E'* LONG 

ASSUMES POWER GENERATION O 3.5 ks/Ew AND PASSIVE HEAT REJECTION 0 6.2 kg/kw (12S*’CK 

AS ABOVE, WITH 3.88 kg/kw FOR 300<*C HEAT REJECTION. 




Figure 4-6 Solenoid Des^n for High Power Klystron 
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P = 


(R2 + R1) 
R2 - Ri 


( ^ ) (1+.004AT) 

space factor 


where P ^ sdenoid power in watts per inch of axial distance 
B = de^d field in kilogauss 
» coil temperature above 20*^C 

Space factor a: .8 to allow for coolant or heat pipe between windings 
R-> and R| are outer and inner radius, respectively. 


4.5 


gives the results of Figure 4.6b. Thus, for a 4H” solenoid OD. the required power of 1.4 kw is esti- 
mated at 300®C. 


If one wishes to optimize the design in such a manner that the weight penalty for additional heat 
rejection is balanced by the reduced solenoid power of a heavier solenoid, this can be done as indi- 
cated in Figure 4.6b. It turns out that this optimization yields the same result .at 125°C (asainung 
6.2 kg/kw required for passive heat rejection), as at 300^’C (assuming 3. 86 kg?kw for heat rejection), 
both indicating solenoid OD of about 4Vi”. The assumption is made that photovoltaic power gener- 
ation is obtained at 3.5 kg per kw. It is quite possible that with a properly designed tube, the mag- 
netic field requirement may be significantly lower, resulting in possible weight savings in tfie solenoid 


It is anticipated that the solenoid will consist of copper slieet with glass-like insulation between 
layers, wound directly on the tube body. With factory adjusted cavity tuning, there will be no pro- 
truding tuners. Heat pipe cooling will be provided as indicated in I- i^re 4. 1 and it is possihh; that 
the solenoid may be used for baking out the tube in space. 


4.4 LIFE AND RELI.ABILITY .ASSESSMENT 
4.4.1 De^n Approach to Lung Life 


The stated objective of SPS is the achievement of 30 year iife and since the main component of the 
MPTS system is the r.f. transmitter, ir.s consideration is of paramount importance. Tlie major trans- 
mitter elements which contribute to life are: Beam Fonnation. Beam l ocusing. RF circuit design, 
body and collector design, and external factors such as the power conditioning interface, ihe ..s,so- 
ciated factors dealing with manufacturing processes, material selection and design approaches arc 
summarized in Table 4.5, Ihe achievement of unifonn tubc-to-tube performance w ill requir, strin- 
gent materials control, well defined construction technique.;, and .special design features such as 
temperature compensated cavity frequency control. Some of these are further discussed in the 
Varian Subcontract report^- and .Appendix A. 
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Table 4-5 Features Affecting Transmitter Life 


BEAM FORMATION 

CATHODE MANUFACTURING MATERIAL PROCESSING 
EMISSION SUPPRESSION FROM SURFACES 
CATHODE BASE MATERIAL PURITY -POISONING MECHANISM 
EVAPORATION RATES FROM IMPREGNATED CATHODES 
HEATER WARMUP 

BURN-IN PERIOD-NO INFANT MORTALITY 
BEAM FOCUSING 

SOLENOID DESIGN/MATtRIALS-SPACE BAKEOUT FEASIBILITY AND CONTROL 
MAGNETIC CIRCUIT MATERIAL SELECTION SniCog. ALNICO, FLUX CONDUCTORS 

RF CIRCUIT 

COPPER ALTERNATIVES FOR CAVITIES 
PROPERTIES OF LOSSY INTERNAL CERAMICS 
CHiTPUT WINDOW POWER LIMITS BEO, ALjOg 


B<K)Y AND COLLECTOR 

LEAKAGE OF INSULATORS 
SUPPRESSION OF SECONDARY EMISSION 


EXTERNAL 

LEAD AND CONNECTOR COMPATIBILITY 
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An li^ as s Ksmcn t of Mie unknowns tte enviimmem have led us to favor a ch»^ 
»[vek^ i^woadi as a refeieiKe de^i. Further untkrstanding airf expeiiem» ahmg the !ii» of 
NASA fwi^d vwk"^' is i^ded before a dectskm to <^n envelope 0 |?eratitHi can be recon- 
nected. Some of the potcnttai space contaminants are listed in Table 4.6. Some of the concerns 
with open cnvekyc operation Mar the Shuttte \%f.»ck‘ de^ with Outga^ng fnnn non-metallk ^in 
towy mleailK and attecwbed volatite species: caoin teaks (oxygen): fuel ceH flash evaporators 
(water v^x>r): Vernier contrtd rocket engiiK exhaust: and main rocket engine outga^ng (water 
vipor). 

The degree to which such con tarn irants can be localized, and the pumping speed of space, etc,, have 
yet to be delennin«l. Sf^ce gratified tubes in the 1980-1990 time frame for cmununicatkMi sai^f- 
hle purptses wil most Ukeiy be of the closed envek^ type. NASA Lewis, untter a contract with 
fte^bes, Torrance'^ b investigating the feaability of removing anu resealing a TWT coltector tr a 
(space) h^ vacuum environment. &K'h work, and its ctmtinuation. will determine to what degree 
it is piactkd to repair, operate, and maintain r.f. power tubes in space. 

The NASA obketive of 30 year life, in the light of current experience and understanding, thus has 
to be based on the following phased approach: 

- Cmtservaiive Dedgn: Emission: RF. Thermal and Stress: Derating 

- Determination of Appropriate Manufacturing Procedures 

- Adequate Protective Features 

Modulating .\node 

System Monitoring Requirements 

- .Adequate Test Program on Ground 

Failure Mode Identification 
Infant Mortality Elimination Burn-in 
~ Understanding of Space Environment 
Processing in Space 
Open Envelope Operation 

- Definition of Maintenance Philosophy 

Allowable Down Time 
In-Plaoe Repair Feasibility 
— Development of Analy lical Model 

Oelcnmire Tube MTBF Required 
“ Space Test Verification 

4.4.2 Current and Projected Tube Life Experience 

'fhere have been prennising developments in transmitter life in current microwave systems which 
lend s«ne credibility to the 30 year life objective. There is high DOD interest in improving the 
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T«Me44 HateHM Space Con teminnh 


Tm Of CONTAMtMAMT 

SOURCE 

PROBABLE MAGNITUDE 

COMMENT 

eOMMISTION MOOUCTS: 
*^C(^H2O.r0.H2.ETC 

THROSTCRS Of VISITING 

SRACeCAAFf, ritWMT. 
ETC. 

INTERMITTENT 

MAY DEPEND ON 

PROXIMITY 

SAD FOR OPEN TUBES 

«fW0Sn«MC6AS: O.M 2 

EARTH'S ATMOSPHERE 

STATIC 10* TORR. 
DYNAMIC tO*rORR 

LOW EARTH ORBIT, 200 MM 
BAD FOR open TUBES 

UBERATG) OASES 

SATELLITE OUTGASSIkK: 

UNCERTAIN. DECREASES 
WITH TIME 

MAY BE BAD FOR OPEN 
TUBES 

•¥» 

WASTE DOMfS. FUEL CELLS 

INTERMITTENT 

BAD FOR OPEN TL^S 

MRTICUS. PAWT OtVS, 
N«a«LATION.ETe. 

SATELLITE 

MAY CONTINUE FOR LONG 
PERIOOS 

POSSIBLY IW)T A PROBLEM 
WITH SHIELDED OPEN 
TUBES 

METEOmTES. COSMIC RAVS 
SOLAR WIND 

OUTER SPACE 

UNCERTAIN 

PM)BA8LY NECLIGItt-E 
roCWLCM F<M TUBES 
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reluibalily of military' systems and modes* iV.nding has been made available by the Air Forve to 
study tube manufacturing technoio©' for higher reliability. ,% indicated in Figure 4,?. the typical 
DOD trananiltcr tube MTBF' is several tluvisand houis. lliis, *uwever. is based on lelatively 
unskiikrd feM maintenance procedures, generally involving development pr^rams with littk 
em^asts on kmg life. Otly recently, the senrhxs have initiated data gathering pr^rams which w-dl 
shed better light on failure modes with an objective of improving reliability. Sample data from saich 
a program is shown in Table 4J indicating that increasing life is being vd«tained in property inonb 
tmfed sy-stems In fact, the best ten high powei klystrons running on the BMl WS sy stem have s.vn 
9 years of lile and are still nmning. With proper (costly i buni'in prswedures, current space based 
TUT’s are being ^uallfwd for 7 years life th er I (K) h tubes cunenlly m ;^ace have been running 
for over 2 years, Wiih this backgrouiKl. it i>. *iur ojnnum that w ithin iIk* devekvpment time- 
fume transmitter tube MTBb s appnvaching .'0 years w ith the a^p'sted design appioach w ill be 
feasible. It is unportact to n^ctvgnwc thai Nigiiific.int nfe test |'rogr,itr.s on the gisHuul will be 
required, building on such studies aich as NASA lewis has funifcd'*^*'* but conrmed ns'l only to 
cathrvdcs. but the entire r f envelop*’ 

4.4.3 Cathvide Design Criteria 


ihe meehanisans iiiniting Ihenniome eath*Hle hie are primarily evajH'ianon rate ot the cathode 
material, cathode matnx properties, ,ind iinpnrities. Hie eatluHle tube interaction is paramount in 
realiring long lile. regardless of how g*HHl the vailUHle may be m a UukIc lest. Ihe approach I*' 1^ 
taken to realize .Ml year life must thus Ire based on niimmi/ing tiihc eatIuHic intera*ti*rns through 
con,«crvalivc design, giviid beam frKUMtig aiul proper wieetion of in.ilerials t*» mimiHi/e poiSiMiing 


gases pnxiueed bv ekv.son Knnbardmen! Ihe current siaSiiN of calluHle emission ivitonnanee is 


^tiimartzcd in F'lguiv Hie most likely eaiuiidates, basi’d on pies^nt knowledge 


.... 


% * '5 


would Ih' either a liingslen matrix ealluHl.' o|vr.itmg at a temper,i!urc ot slightly ab*we ItHXb’C or a 
UKkel matrix cathode oivrating at about StHi*'l . Ihe lower ieniperatuie would be preferable from 


the life p**inl of view but facS’iN such as imgr.Uion aiul iv.tclivatu'n Ic.oibility tciul to |.(Vot tlie 
higher tcin|Vralun‘ eatluxic Vs ituheatcd m I igurv 4 Sh. c.'nsenative current dcuMiiC'* assiviated 
with emission wear*nil at 30 year life .ire lypicaily 0 1 to 0 2 amps cm'-. Current life test experi- 
ence of c.ith*Hles *if several nunutaetiirers is summari/ed in fable 4 8 PToieeted iH'rfonnanee w ith 
the Philips ty|K B cathode indicates that otH.’rulion at I020'V will result in a life *'f 50.tHH> houv* at 

A 

0,5 amps eiii' Our eiirivtu asss'SMiu'nt, bas*'d on *.is*ussion> with the tube industry .uul ex|vrts at 
N,-\SA lewis and NRf suggests ihat it w. uld probably be unwise to utilize s*inie *»f the newer 
catluxles until sulticient life test data of the ty jh’ s(H*nsi*re*l by N A.’sA I ewo at Watkins J*>lm>on 
has been a*euinulated, 1-urlhereneimi.ajx’inent with respect to long life in thennu'iiie eatluxlesean 

J 

be derived fr*»m the worV at B*'ll relep! .me I eb*>ratorics * on Ihe sovalle*! t *raiet'. fowder 
Catlunle (CPS>. which is in us*' on long life reivatcrs. capable of sO.IHH) h.niis life at currvnt densi- 

A 

tie.s appro,iehmg I amp cm* 
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Table 4-7 Life Data on Current Ground Based Radar Transmitters 


TUBE 

TYPE 

AVERAGE 

POWER 

iMINI 

AVERAGE 
FILAVENT 
LIFE fHIfS ! 

AVERAGE 
KAUIAIE 
LIEFIH.nS i 

DATA 

RA5E 

xHQ. FAILED) 

KLYSTRON 

6.6 KW 

X.902 

21.271 

41 

KLYSTmM 

IS KW 

3t42t 

27.452 

17 

KLYSTRtMV 

7SKW 

20^3 

19.652 

36 

MAGNETRON 

2.8 KW 

2.T55 

\jm 

147 

MAGNETRON 

3SKW 

2.861 

2.125 

289 

KLYSTRON 

5KW 

4J532 

4 372 

37 

KLYSTRON 

1KW 

1.615 

1.227 

102 

TWYSTRON 

3KW 

3.889 

3.287 

53 

TWT 

3 WATTS 

6.013 

5.104 

82 

TWT 

3 WATTS 

14,8(» 

13.0IK 

29 

KLYSTRON 

75 KW 

9,416 

9.353 

8 

KLYSTRON 

2KW 

70.570 

69.422 

6 

KLYSTRON 

2KW 

57.267 

56.880 

7 

KLYSTRON 

10 KW 

15.910 

15,750 

59 

KLYSTRON 

tOKW 

25.390 

23.303 

29 


AF DATA 

REPORTIt^ SYSTEM 
GO 92 
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Fifiire4^ Cathode Design Criteria 
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TaUe4« atkode Life Test Data (1977) 


MANUFACTURER 

operating 

HOURS 

WOWTHK"’ 

TEMPERATURE 

FARED 

AT 

LITTON 

5627 

1100°C 



8473 

1100OC 



taas 

1100^ 



KOI 

IMORC 


FHILLIPS 

22K7 

1MOOC 


TVFCB 

36.003 

1HWOC 



27.425 

1100°C 



26.932 


26.979 

FHILLIPS 

16JM7 

100QPC 


TYPEM 

6.150 

lOSOOC 


OSMIUM COATING 

1S71 

1000% 


^ICON 

20J56 

1100% 


TYres 


1100% 

23.073 



1060% 

7.289 



1100% 

20.067 

GENERAL 


990% 

6Ki7 

ELECTRIC 


1010% 

3.469 



9K% 

2.131 



1010% 

3.288 



1015% 

3.750 


NASA LEWiS/M-J 
NAS^14385 
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With resp^t to p»ire metal cat lode performance, the best available life data indicate 8-10,000 
htHifS life so far in a microwave tube system ?t S GHz using a ii^atinum cathode. The c(4d 
Beryllium oxide cathode employed by SFD. (a Varian subsidiary in Union N.J.i in a cross-field 
phased array application has experienced 18.000 hours life on the best tubes to date, fhis cailiode 
has a higher secondary emisaon than platinum but also exhibits a less stable operation due to the 
oxide layer on the cathode surface. Methods of starting pure metal cathodes are not well defined 
and may require either a smaU thermionic cathode, or a radioactive emitter. Clearly, a great deal 
more of life test data will need to be accumulated for both types of thermionic and cold cathodes 
to assure 30 year life. 

In order to verify whether the reference klystron design can operate with a cur^nt density o-'say 
0.15 amps/cm’, the fcdlowing calculation is included: The required cathode area for Z.2 amps is 
14.6? cm*. For a value of ya = .6 and a value of y = ’»f/'o * * ® 

»a* = .69 cm". This leads to a cathode to beam convergence of 14.67;,69 = 21 .2 which is consid- 
ered cemservative (values of KM: 1 have been impleinentedl. 

4.4.4 Tube MTBF Con^erations 


The achievement of 30 years life at the system or subsystem level does not necessarily translate into 
a 30 year tube MTBF requirement. Obviou.sly, further refinement in the system model, definition 
of maintenance proccdua's, the Lowest Replaceable Unit (LRU ) definition, and spaa*s philosophy 
will have to be made to arrive at specific tube MTBF requirements. 

Ideally, of cmirse. a failure mixiel of the transmitter would be desired, in which no failures occurred 
until wearout mechanisms s;t in. i.e.. avoidance of early mortality To some dega*e. this can be 
achieved by a bum-in procedure to identify and remove infant mortality victims. It is anticipated 
that with the reference design tube, partial or full bakeout in space will be feasible, avoiding the 
m'ed to perform costly huni-in on the ground. .Mso. with m.isspriHJuction. automated manufacture, 
good quality contavl. and maintenance, infant mortality can he minimi/ed. 

With roughly N = 100.000 tubes, if a criteri.. of 2'r of klystrons failed is acceptable, w ith a sched- 
uled SPS shutdown every 3 months the required lube MTBF would be approximately 


( .02N> (Tube MTBF ) 
N 


3 months - .25 years 


i.e., MTBF = t50K 25) = 1 2.5 years. Ibis is compatible w'ith the reference klystron design criteria; 
however, a more refined reliability model needs to he developed, of which the above exponential 
model (a = 0) is but one cas; correspond:"!, t*' a constant failure rate. Such a model is the best 
possible choice if one has no better a priori knowledge of the failure mechanisms. With proper 
bum-in procedures, and as better understanding of failure nuxles is developed, by the elalxrration of 
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the da& suppited by Vartan in Figure 4.9, ot)u;r failure models may be developed, with a# 0 in Fig- 
ure 4.10 which are likely to result in lesser MTBF requirements *han indicated above. As men- 
ticHKd, with prrqier bum-in period, infant mortality failures can be avoided and failures shifted 
toward cathode wearout limitations. The required buro-in period for current space qualified TWT’s 
is of the order of 1 500 hours, and bum-in periods as hi^ as 10.000 hours may be required to 
adiieve 30 year life. 

4.5 HMiH KWER KLYSTRON TRADE STUDIES 

The reference klystron represents an initial point design within the given guidelines of the MPTS 
study, it is intended primarily as a vehicle to demonstrate its potential in the SPS applicatirm. If 
tl» operating voltage at GEO can be increased to a value above 40 kv. and if the X-ray level for 
maintenance and operation is ::ceptabie. other klystron power levels become of interest. The 
tr^ics which were address in this study include specific weight and cost as a function of klystron 
size; thermal d^pation capability as a function of power level; overall transmitter acquisition and 
replacement cost as a function of power level; and assessment of comparative X-ray levels as a func- 
tion of power level. In the process, design parameters were evolved leading to several high effi- 
ciency klystron configurations. 

4.5. 1 Specific We%ht Comparison 

To arrive at some reliable estimates of specific weights, an investigation of various manufacturer’s 
catalogues was made, au^ented by verbal discussions of projected advances. primaril> for air- 
borne transmitter applications. The results for amplitrons, klystrons, and TWT's are widely diver- 
gent. as indicated in Table 4.0. The projected advances rely primardy on advanced solenoid designs 
or usage of lightweight permanent magnets, reitlier of which have been reduced to practice in quan- 
tity production. The total tube weights at 2.5 GHz as a function of OV power level are estimated in 
Figure 4.1 la, indicating the advantage of crossed field amplifiers (such as the amplitron) at lower 
power levels. Repiotting these on a normalized basis (Fig. 4. 1 1 b) indicates that the specific weights 
of klystrons and amplitrons become roughly equal at pow er levels of the order of 2(X) kw or above. 
The klystron may have a slight thermal advantage since it will not be limited by the operating tem- 
perature of Samanum-Cobalt magnets (~250®Ct and its collector may operate at much higher tem- 
peratures (500-700^0. However, the X-ray level will be several orJ?»^ of magnitude greater, since 
the penalty of shielding cannot be afforded. In any case, the results were of ‘ Efficient interest to 
consider further a higher power klystron design, particularly from the tube MTBF point of view. 
There are no compelling reasons to expect a high power tube to have a significantly lower MTBF 
than !> low power tube, except possibly for the cold cathode feature of the amplitron. Thus a sig- 
nificant advantage may accrue in the overall transmitter comparison, nie specific weights used in 
the trade study range from 0.4 to 0.8 kg'kw as based on valu-s given by Raytheon on the 5 kw 
amplitron and our calculations of the klystron mass. 
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GW ASSEMBLY 


HEATFR f AILURt 
_E»ilS$IOM CHANGE 
^VOITAGE HOLOOl 


R.F. tNf»UT/OUTI»UT ASSEMOLV. 


NAl 

■F. ARC^^ 


KLYSTRW AMH.IFIER 


CAVITY ASSEMBLY 



R.F. arcidk: 


SJIM VAOIUM ENVIRONMENT 


COLLECTOR ASSEMBLY 


FOREIGN PARTICLES 



VOLTAGE HOLD OFF 
RADIANT COOLING 


Figure 4-9 Klystron Failure Sympton Tree 


■ ONeTANT FAILURE 
RATE-EXPONENTIAL 


DENSITY FUNCTION OF GAMMA FAMILY 
FwlT)--^^ 


F%ure4*10 Posibte Failure Mode DstrilmtioiM 
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Tahle4-9 HmKaOttor Trade Stady 
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C«IG1NAE PAGE m 
OF POOR QUALITY 



m-tfxt 


(M 


100 


FREQUENCY - ?.S GHi 


I 

§ 


9 

o 


ui 

a 

3 



20 50 100 

CW POWER PER DEVICE - KW 

F%ure 4-1 1 Weight Comparison of High Power CW Transmitters 
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4.5.2 Co^ Comparison 

The c<»t stiMiies for hi^ power CW tubes are indicated in Figure 4. 1 2a for certain types of klys- 
trons and magnetrons, as a function of quantity, and in Figure 4. 1 2b as a function of average power. 
The most reliable benchmai^ is the mass produced cooking magnetror at about $30-50 per kw. 

The ampiitron, scmie«riiat more complex, is expected to be mass produced for SPS quantities @ S20 
per kw. The klystron costs used in our parametric study were based on numbers arrived at inde 
pendently by ourselves and by Varian Associates, and varied from about S70 per kw at the 50 kw 
CW level to $20 per kw at the 250 kw CW level. It is of interest to note the relatively large capital 
fi^ilities sized by Varian which are roughly ammortized within these numbers over the SPS installa- 
tion period. These are documcmed in the Varian SPS Subcontract report. (Ref. 4.16) 

4.5.3 Themud Dissipation Capability 

One of the advantages of the linear beam amplifier such as a klystron is the fact that the different 
interaction regions, i.e., beam fonnation. r.f. interaction, and beam collection are physically sepa- 
rate and hence distribute the thermal stresses over a larger area than in a cross-field device. The 
penalty for this is the fact that to achieve a given efficiency, a more complex design is required, 
with several power supplies, and even then, the efficiency is likely to be 5 % points lower. However, 
the high resulting gain tends to compensate for this. Tlie thermal distribution in the klystron, in a 
parametric form, is estimated in Table 4.10. For the reference design, the collector dissipation is 
7.1 kw with 60^ collector recovery and 9.9 kw with 45(f collector recovery'. Heat pipe cooling 
requirements were estimated for the parametric study as follows: For the body and solenoid, oper- 
ating at 30C°C, the following values were used; 2.0 1 kg per kw with a 1 meter long heat pipe 
between the tube and the radiator, and 1 .32 kg per kw with the radiator directly on the tube. For 
the collector, operating at S00°C, the values are 0.94 kg per kw for a 1 meter heat pipe and 0.49 kg 
per kw with the radiator directly on the tube. The liquid metal heat pipe design is detailed in Sec- 
tion 6.3. As a worse case analysis, to dissipate 9.9 kw (« 0.3 kw/cm" requires 33 cm- of heat pipe 
contact area, which in a collector bucket of over 50 cm in circumference is easily achieved. The 
heat pipe configuration is indicated in Figure 4.1 for both the collector and the body of the refer- 
ence klystron design. 

Liquid metal heat pipe thermal cap ibility is estimated to be in the range of 0.3 to 0.8 kw per cm- 
depending on temperature and material, and the values of 0.25 and 0.5 kw per cm- were used in 
our parametric analysis. In the depressed collector, it was decided to use tungsten as the electrode 
material because the themial analysis indicated that with a 500°C wall, the temperature rise could 
be as high as 1500°C at the inner portion, if 5 kw (out of 9.9 kw) were to impinge on the first elec- 
trode closest to the output gap. The collector is designed to accommodate only the above dissipa- 
tion and provision via external shutoff must be made if the r.f. drive should fail, which would allow 
the entire beam power to be dumped into the collector. This is accommodated by the use of the 
modulating anode. 


®^AI, J-AOB a 
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ORIGINAL PAGE IS 
(^F POOR QUAUra 



wo. OF UNITS 

(A) COST VARIATION lAilTH QUANTITY OF PRODUCTION 


spt-mt 



AVERAGE POWER, WATTS 


IB} COST VARIATION WITH POWER LEVEL AND QUANTITY 

Figure 4-12 Cost Trends in High Power CW Transmitters 
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TaMe 4-10 Parametric Energy Distribution bt High Efficiency Klystron 


DRIVER CAVITY LOSSES • 0A% V^l, 

•004 V^l^ 


(W1TUT CAVITY LOSS 

» ■ f* ''o'« • <WH .79«.99fi) V^l, 

.033 V,l, 


OUTPUT INTERCEPTItm LOSS FOR n% INTERCEPTION 0 OUTPUT GAP 
V4 OF CURRENT INTERCEPTS « FULL V, 

3M OF CURRENT INTERCEPTS 0 1/4 V^ 

(4»W-75H^» V„'o - .004375 n V„l„ 

•owv.i^ 

«n-4%) 


USEFUL RF POWER BASED ON UNDEPRESSED EFFICIENCY OF 76.3\ 

•763V„I„ 


SUBTOTAL 


•oosv^i^ 

POWER ENTERING COLLECTOR 


.192V„I„ 

COLLECTOR POWER RECOVERED « 45% RECOVERY (CONSERVATIVE) 

■086V„I„ 


f»LLECTOR THERMAL DISSIPATKM4 

•WV„I„ 


TOTAL 

10QV„I„ 
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The critic^ portion of the klystim from ^ ttemal p<^ is output §i^. As faidkat^ M 

ThHe 4.10, tte output ^ toten%|rtioii loss b .004375 b where n b the beam tnter«ptica 
0^)al ^ output gt 4 >. j^thoii^ ht^ power kfystrwis have b^n buOt whidi haw m exo^of^Q^ 
ti ahi i ii saoB at saturated poiwr output, we have taken the vkwpmnt that in a hi^ effktency tube, 
wheie the beam ^ould be closely cot^l^ to tiK output gap. Uk bean tiaianbsion wW be rethiced 
ti»9S to^%(3 to 5% beam interception). 


The output g^> mterception for the two above cases b indicated in F^ire 4. 14, as iteteimuied 
panmetticaOy few 3% aiul S% inteiceptkm. To provkie for a someudiat more cemservative design, a 
v^e peiw^ce OJ was selected ratter tha*^ ±e reference des^ value of 0.25. Thbiesultsm: 

Output cavity interception = 4J75 x I0'^(3) ~(Ijj/Vq^^~) 

* 4 J75x l(r^(3)IOOO^' ~(.3 k lO'^iwatts = 1 .24x lO~*Vj^y- ' - in kw for 3% interception 

= '.ObxlO'^Vj.^.^/^ for 5% interception 


The c^bdity of tte output pp to handle this imerceptitm is estimated frmn Figure 4. 1 3 frmn the 
area avaUaUe few cooling = afh = 209^". For a hi^ efftekney desipi. the % due of the parameter 
ta = .6 must r»nain cmistant. Thus the output gap capacity for W watts per cm" of heat pipe 
tracer, f " 2.45x10^. and = 6x 10' is 


(20aa")W = 


20a<73t- W 
y~ 


20af.6)- W 


.344 V^. W 


which b {dotted in Fipue 4.14 for W of 0.25 and .5 ku cm~. It is seen that for a cemservative 47 

■y 

beam mterception md W = 0.23 kw/cm~. the beam voltage is about 67 kv. 

4.5.4 ^nwer Level Trade Study 

Altiiot^ h^ CW power klystron capability (i.e.. 350 KW ^ 8 GHz) has been .’■eported 4.25 *y^|, 
achievement with long life o(>eration remains unproved. Tne intent of tnis brief examination is to 
exfHorc reasonable high f>owcrCW limits in case it becomes possible to operate in space at voltages 
up to say 90 kv. Aside from the thermal loss to the collector which car. be dissipated over a rela- 
tively large area, the most critical region is the ou.put cavity pp. In the V'A 873. a 50 kw klystron 
at 8 GHz, beam mterception in the body is stated to be about 1*T (907 tranmiission). Hi^er fre- 
quency CW tubes must operate even with less intea-eption t99.97 transmission in some cases). In 
our preliminaiy ai.alysb we have assumed a ranp of beam inteaeption from 3 to 5%. with the 
assumptiem that the energy content of the intercepted beam is % at ful' voltage and % at Va full voit- 
age (from Varian discussions). The scaling beam voltage is derived from, perv mce K = 
and beam power variation 
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The avaUabfe <»x>iing area in the outpt>t gap the deapi is constrained for good efficiency to 
Ta < Mj = w/Vq). thus r^itii^ in a di^patknt c^Mlity directly proportional to vtdti^. 
Although the work of Kosmahl uid Albers'* '-” su^ests that ^rvea-tce ftMr^aod efficiency shouki 
be less thM, say 0.25, the full treatment of mtjmt cavity loadii^ suggests that hi^ efficiency' can 
benukiUMted tovahiespeihops^h^ »0.6. F^ue4.14 uidkates the achievaMe power lonits as 
a functkm of ^tage for the proposed high eftrieiKy desi^ of penreance S = 0.3 x lO"^. Conse*'*a- 
tive power ratings are close to the 300 kw CW level. For a perveaiwe of S * .5 x 10"^, ^iU within 
tlw legime rd* potentiafly hi^ effickiKy, this power level would correspond to 580 kw. This has 
encour^ed us to inve^igale in further detail tn^ additional point desi^. at 250 kw and at 500 kw 
iv^Kcttvely . The parameters for these de^^ are given in Tabk 4. 1 1 . The crating reiatitNis for r.f. 
•ectkm (*'■ ), solencnd power 1^8^" L ' \/ S). and tube weight are indicated: a 

somewhat refined mass estimate for the reference de^t is carrwd wt in Section 6. The efficiency 
lauding stdenoid ptwrer is stmiewhat higher than that for the reference design and is indicative of 
tte a^un^ valiKs in the tmametrk analyse. It is worth noting (Fig. 4. 1 5) that, even with a 
Icmger tube, the efficktK-y increases by about 2‘^ points due to lower incremental solenoid requite* 
ments at h^er power. The s^cific mass decreases dramatically, as piedicted in Figure 4. 1 1 b. frcMU 
about 0.8 kg/kw at 70 kw to les than 0.4 kg/kw at 500 kw < W. Thus it appears advantapfous to 
cemsMer a higher power klystron dc'^gn in the 250 kw region. 


.As a matter of interest, to estaflish a comparison between a potential weight saving for a PM/H’.M 
50 kw de;^. a similar calculation was made in Table 4.12. Surprisin^y. this design did not show 
any improvement in specific weight and its efficiency turneu our *o be only 0,2'r higher than that 
of a soienokl Io nised tube. Ihis advantage may turn out to be more stgniflcwt if a higher power 
l^/PPM design turns out to K* feasible in the future. In any ca.se the data a.*ems to reinforce the 
decision to use an efii. ient wound-on body solenoid in the reference design. 

4.5.5 Cost Effectiveness .Analysis 

With the desigm data available at this stage, it is possible to provide sc«ne initial comparisons of vari- 
ous transmitter designs. For simplicity, the question answered is the acquisition cost of r.f. tubes 
and 10 year replacement cost of spares, based on a projected trans|rortation cost to spaee of St>0 per 
kg. for a system output of 6 r.W RF in qiace. This data is summarized in Table 4. 1 .v and Figure 
4.16, fhe high power klystron has been penalized with a degraded MTBF (.HI years for amplitron 
and 20-28 years for klystron). .Also the fact that over 10 times as many sockets are being replaced 
with the amplitron does not appear in the analysis, llie data indicates that on basis of cost of 
acquisition and replacement of transmitters the klystron becomes competitive with the amplitron at 
about 500 kw . but is within 25' < of the amplitron at the 250 kw with the above a.s.sumptions. If the 
transmitter life is reduced by a factor of 2 from that of Table 4.12. i.e., to 10- 1 5 years MTBF. the 
increased acquisition costs are indicated in f igure 4. 1(i. It is of inteiest that the transportation 
ciwts still comprise about 47 to 62 f of titc total cost. If the 250 kw klystron vu -e credited with 30 
year life, a specific weight of 0.4 kg;kw and a cost of $50(K) per unit (50 times that of the 
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FigaR4>16 RFTimsn^tCT AcqaaMcMi 0>st for 6 G%awatt System 

(Exdhtdes <Lc. djtfribotmi and mainteiNnice co^ ^eieaM) 

Nrte: If iinproce^d power is used for amplitron DC distribution f" '0 kv 4(K) kanips (8 GW). 

this requires an additional 4.4 x 10^ kg of conductor weight optimum conductor temper- 
ature of 50®C as compared to 40 kv '00 kainps distribution for the klystron. This includes 
the ma^ of additional solar cells to make up the l-R loss increase from to 1 2.V7. This 
translates into a transportation cost differential of S264 million (c* $60 kg) as well as an 
additional solar cell cost (a SO cimts/watt of Sld2 mill totaling $456 million. Thus proc- 
essed power will likely have to be used for the amplitron. whereas less than 1 5'c processed 
power is used for the klystron, which makes the above comparison incomplete, favoring the 
amplitron. With the above considerations, the klystron power level at which the above costs 
are equivalent will shift to a level below 100 kw. With only ' times as many dc-dc con- 
verters and associated losses, the additional amplitron system cost, using data in Table 5-8. 
would be $215.6 million, as indicated in points © and © above. 


no 
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^^tron), tiK acquisitKHi and 10-year lepUcetnent cost would be reduced from $462 mitlMNi to 
S3S2 mUkai, Moitkal to that of the anplitron. An alternate d»gn of 2 10 kw. b^n pr(^)osal 
for posal^ frdh>w-on stuches. Hus particular value integrates directly into the MPTS system, 
with fewer <x>mponatt$, and ^mipatibility with quantization requirements of the subarray layout. 

4.6 INTERFACE ASSESSMENT 

The transmitter mteifKes with the various power distrilmtion elements are dismissed in Section S. 1 
and die tfiennd and structural interfaces in Sectkm 6. bi this section we discuss severe questions 
whkdi can^ up during the study dealing with protective devices in the tube to aibarray module 
intetfacx to »dikve long Ufe; operation under degraded solar cell output or during period of solar 
flares; and of X-rays in tlK vicinity of the array. 

4^.1 T^ to Snlntny MmMc Interface 

Tl» t**be inter%;te witfi the subarray through the waveguick feed system. The primary requirement 
is maintenance of a good r.f. match under all conditions. During initial proce^ng or if mianatched, 
either external or internal arcing may occur. Commercial wave^ide components are available to 
v^ally detect arcs and use a trig^r sipial to disconnect the tube rapidly, in this case by connecting 
the modulating anode to cathode. This can occur in much le» than I adequate to prevent 
dami^. 

• Loss of rf Drive 

Witti loss of if drive, the entire electron beam power appears at the collector. The conven- 
tional klystron is designed to handle this power. In our case, however, the collector will 
undrxibtedly be designed to handle only the ^nt electron beam after normal rf interaction. 

If the loss of rf drive is %nsed at the klystron input, modulation-anode power aipply may be 
diut down. This will shut off the eketron beant 

• Electron Gun Arcing 

The most likely region of dc arcing in the circuit arrangement shown is between cathode struc- 
ture and modulation-anode. In the event of an arc. encr^ stored in the modulation-anode 
power supply in the small capacitance C is discharged. The resistance, R. isolates the modulation- 
anode power supply. Ordinarily the arc extinguisiies after a very brief interv’al. and normal 
tube performance is restored automatically, ^ould some unknown fault cause persistent non- 
clearing arcing, the arc logic could be designed to sense repeated loss of rf output and to shut 
down the modulation-anode power supply pending replacement of the faulty eketron gun. 

• Circuit to Modulation-anode Arcing 

In the event of a dc arc between circuit and modulation-anode, electron beam power would be 
reduced and normal tube operation would be momentarily interrupted. Energy stored in the 
circuit to modulation-anode capacitance, similar to the C depicted, is discharged in the arc. 


Ill 



Diai»>228764 


Ordinarily the arc extinguishes after a very brief interval and normal tube performance is 
restored automatically. Should some unknown fault cause persistent non-clearing arcing, the 
arc logic could be designed to sense repeated loss of rf output and to shut down the modulation- 
anode power supplies pending replacement of the faulty electron gun. 

# R/ Arcing 

Persistent repeated non-clearing rf arcing in the klystron rf load or output system may result in 
tube damage. The rf arc logic is designed to sense reflected rf power caused by the arcing and 
to shut down the modulation -anode power supply pending correction of the problem. 

Several other protective features are discussed in Figure 4.17 which provide additional protection. 
Note the consolidation of all solid state circuits in one enclosure, designed to operate at 100‘^C for 
efficient junction temperatures of the enclosed transistors and other solid state dev ices. This enclo- 
sure also contains the phase shift coropensatitm networks for retrodireetive subarray module steer- 
ing using a 2 pitot tone scheme. Further verification of this concept and fea^bility of adequate 
dipfexer isolation, frequency offret and power budget must be conducted. 

4.6.2 Operation Under Reduced Voltages 

The advantages of the klystron confi^ration is the fact that ertreiency and power level do not 
deteriorate stpiiflcantiy with v< itage. To take advantage of this property, we have tried to deter- 
mine the effect of solar cell degradation on klystron power output. Tliis is indicated in Figure 4. 18 
for the condition that the klystron characteristics remain on the v-i portion of the solar cells corre- 
sponding to maximum d.c. output. This cvmdition can only be achieved if the perveance of the 
tube is slightly' changed. If the modulating anode is mounted on a diaphra^, such an adjustment 
cmild be made. It would also be useful for adjustment of tube-to-tube uniformity. It is seen that if 
the solar cells are not refurbished, the efficiency remains higli. but the power output drops signifi- 
cantly. On this basis it was decided to refuihish solar ceils and not require tire transmitter to adjust 
perveance for solar cell optimal matching. The variation in perveance is rather nominal, and even if 
it remained constant, the efficiency would remain high, but there would be some further loss of 
power due to not being on the maximum Vi product point for the solar cell output. 

it was also of interest to estimate the effect of major solar flares on the klystron output. It was esti- 
mated that the voltage would drop to 97% of its nominal value and the current to 75% of its nomi- 
nal value. For this condition, the pervciurce, S. would have to be adjusted from its nominal value of 
0.25 X lO"^ to 0.20 X lO"^ via the modulating anode, to accommodate this change. Since the effi- 
ciency remains virtually unchanged, the power would drop by (.97)(.75) to {.727H70.6) = 5 1 kw. 

If the modulating anode were not adjustable, the above power condition would not prevail, and the 

3 / 

voltage would be further reduced to keep the perveance ^ ") constant. 
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Figure 4-17 Klystron Protective Devices Including Phase Compensation 
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Figure 4-18 Klystron Performance When OptimaDy Matched to Solar Cell Output 
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4-6.3 X-ny Ltvd Asaesment 

This section »imrouizes the findings of a shml-tenn task to estimate the x-r»liation background 

level of a ^ Gigawatt Solar Power Satellite (SPS) invcdving one of the three following options: 
Option #! 24.000 - 6S kV. 250 kW, 85% efficient klystrons 
Option #2 86,000 - 40 k V, 70 kW, 85% efficient klystrons 
Option #3 1 Million - 20 kV, 6 kW, 90% efficient amplitrons 

Assumptions made in these estimates were: 

1. KI'. strtHis emit x-rays as point smirces at the center of their collators. 

2. The Klystrcms are amyed such that they do not shadow one another. 

3. KJystnms are arrayed on li% platform <me kilometer in diameter writh a frsK;tional unit 
denaty given in Fi^re 4. 1 v.'i. 

4. Maximum electitm energies are 2 V^. The reference Varian 5(K) kw klystron is estimated to 
have 10% of etectnms @ 2 and opticms I and 2 above are estimated to have 2% @ 2 

4.6.3. 1 X-ray Radetion ScaMng 


In order to estimate the amount of x-radiation background associated with each of the three 
options, ^ple scaling techniques were used based upon an existing known klystron source. This 
source, a 5(K) kW, 65 kV, 50% efficient klystron emits 300 mR/hour at 1 meter and has a copper 
anode configuration with a copper collector of 1 /2 inch effective thickness. The equation used to 
scale the three options is 



(A)(M) 

(F) 


where 


Rjj = X-ray background from option X 

* Atomic No. of option X anode (= 74 for Tungsten) 
Zj.y = Atomic No. of Copper = 29 

A = Attenuation factor due to collector thickness 

M = Attenuation factor due to collector material 

X% = Number of electrons @ 2 

* Option X Beam current 

F = Attenuation factor due to 
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“A" is simply the ratio of attenuations of opti<m X thickness to the 1/2 inch thickness of the 
reference ct^ectmr and is obtained frmn Figures 4. 19b and 4.19c, i.e., for an option X collector 
thickness of 0.1 inch. 

AttUy * . _ ^ 

A a _JL= 3jc_l(t:@40kV » 6x IGT^ 

^^1/2 5 X 10'* 

M, the attenuati(Mi factor due to cdlector material is obtained frwn Figure 4. 19d, e.g., for a col- 
lector material of steel (mainly inm) 

_ Absorptiwi in Cu j g 
Absrwption in Fe ~ 

F, the attenuation factor di« to is the ratio of attenuations at for option X to for 65 kV , 
e.g., for Cation #I - 40 kV and 

10 ^ A 

F f = 5x 10** (see Fig4.19b) 

2x10* 


Table 4. 14 summarizes the results of scaling using the above equation. 

4.6.3. 2 X-ray Radiation From Total Array 

A rough estimate of the total radiation from the array of klystrons can be obtained by assuming all 
the tubes are positioned at the center of the array. This assumption is valid for large distances from 
the array. Thus the total radiation Rj is given as 


R 


T 


l^S 

d2 


where N = Total number of klystrons 
S = Radiation level per klystron 
D = Distance from the center of the a:. ay 


However, since the real problem is to find the distance D at which the radiation level is no more 
than 5 R per year, the maximum allowable radiation ievel for man, R’j- is set to 5 R/Yr and we 
solve for D 


D 


(1^ 

Rt 


Solutions to this equation for options la, lb, 2a and 2b yields the following minimum approachable 
distances to the total array: 
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Table 4-1 4 X-Ray ScaUng RcUtions 
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0.2S"CCN>PER 

35x10-4 MRMR 

05" COPPER 

35x10'^ MR/HR 


117 






















































D180-2287M 


la - 1.8 Kn. 

lb - 0.8 Km 

2a - 26.4 Km 

2b - 12.8 Km 


(a corresponds to the O.OS” steel collector contiguration and b corresponds to the 0. 1 ” steel col- 
lector configuration.) 

In the case of option 3a and 3b, the ampUtron source intensity is condisderably lower, implying that 
the minimum approachable distance will be relatively small. Thus the assumption that all the kly- 
strons are equivalently positioned at the center of the array is a poor one and a more realistic distri- 
bution will be required. 

Referring to Figure 4.19a it is easy to see that for very' close distances from the surface of the array 
(e.g., 1 meter), an observer is barically looking at a plane of uniform x-ray intensity for the inner- 
most step and that >ie remainder of the steps contribute insignificantly to the total radiation due to 
their remoteness to the observer (100 meters and beyond). For this assumption then we have the 
situation depicted in Figure 4.20a where the observer is a distance h from the surface of the array 
and a di^ance h^ + from an element of x-ray intensity 1. I is given by 

_ 0.35 (10^ amplitrons) .S 

j ^ 

jtR“ (m-) 


where 0.35 is the fractioa cf the total number of amplitrons from 
r = 0 to r = ! 00m 
R s 1 00 meters 

S = X-ray background level per amplitron 


The total radiation Sj seen by the observer is thus given by 


S 


t 



R 1 r dr 
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I me(^ I pmi dtowe wc lunr«^ 

St [#afl + l002)-/i»|2] 


» 35.0 (S) (9^1 
» 322(S) ' _ 


Thus for optkn 3a, S = 3.3 x KT* MR/Hr and 

= 05R/Yr^ I meter 

and for option 3b. S = t3 x 10'^ UR'TiR and 


Sjb = 0.9 X 10*3 1 meter 


The caicuUtiom herein indicate that the closest distance at which a man may approach an array of 
klystrons on a Solar Power Satellite depends a great deal on the design of the Uy^rtm. TTie results 
for each of ^ of^mis is given in TaUe 4. IS. 


It B piobaMy wordmdite to menticm that klystron orientation in die array may make a significant 
difference in the total x-ray b«:kgf(Mind. This is due to the fact that the base of the klystron is a 
very efTecth« diieid against the x-rays, fai other words, the base of the klystrons shade the x-r^ 
soun% at the coUector very effectnely. Thus for example if all the kiystitMis are oriented in the 
$«ne direction with re^>»;t to erne anotiKr. there is some s^rikl aa^ 6 at both ends of the satdiite 
in the same direction in which the radiation level will be significantly reduced. The angle 0 can be 
estimated frmn the scale drawing of the klys*nHi design shown in Figure 4.2(N>. The x-ray b«;k- 
gimind intensity within this cmie of angle ** is p<oSabl) below the level of 5 R/Yr. 
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TaHe4-l5 ApproKhaUe Dstaace for X-Rayi 


OPTION 

POWEH 

CM 

COLLECTOR 

CONFIGURATION 

MINRMJM APPROACHMILE OISTANK 

la 

AtysiitON 

70 kW 

JOS** STEEL 

IS Km 

KLVSTIKM 

TOM 

O^r STEEL 

OS Km 

2a 

KLVSTWW 

2S0KW 

.OB' STEEL 

304 Km 

» 

KiVSTRON 

250 K« 

OlI' STEEL 

12SKm 

3a 

AMPLITRON 

• K«i 

TM** COPPER 

SAFE • 1 MTER (OS R/VR.I 

3b 

AMPLITRCN 

CKw 

1/r COPPER 

VERY SAFE • IMTER (OS > 10 3 H/VR.i 




SHAKO SOLID ANCLt 

RgUK 4.20 Geometry for Xray Configuration of Klystnm 
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5.0 rOWER DISTIUBUrON 


The power distribution system for the MPTS provides for the distribution of large amounts of 
power from the rotary joint to DC to RF converters located on the antenna. The DC to RF con- 
verters used are klystrons with five depressed collectors and require a wide variety of supply volt- 
ages. The Uy^rons provide 70.66 kW of RF output. During Part I of the study effort, a three 
giay (tepiessed coUector klystrcm was used as the baseline DC to RF converter to initially define 
antenna power distribution in order that satellite power generation trades could be accomplished. 
The fidlowing paragraphs discuss the MPTS power distribution system requirements, design con- 
cepts and considerations, and unresolved issues. 

5.1 POWER DISTRIBiniON SYSTEM REQUIREMENTS 

Tire MPTS power dbtributiem and cmitroi system must accomplidi the following functions: 

(a) Route raw unconditioned power from the sliprings at the rotary joint to the DC/RF converters 
crmtaiired in the power control sectors rm the antenna. 

(b) Provide fw conditioning of the power required by the variews Uystrem elements. 

(c) Provide for fault protection, isolation, and control of the vari<His MPTS elements. 

(d) Provide ener^ storage fire periods of times (such as occultatimi) when the main power busses 
are not providing power. 

The raw power delivered to the antenna must acciMnmodate the antenna power taper. The baseline 
antenna is a KFstep approximation of a 10 dB gaussian power taper. The elTective temperature of 
the i»ck of the antenna where most of the power distribution equipment is installed is shown in 
Figure 5-! 

Tables S-l and S-2 sliow the power and voltage regulation and power requirements of the varicMis 
klystron elements. These requirements must be satisfied by the voltage regulation capabilities of 
the power distribution and control system. In general, klystron depressed collector voltages must 
be regulated within ± 5 % of their nominal values while all other klystron elements require much 
more stringent regulation. 

In order to optimize the mass of th; MPTS. an attempt was made in the tube design to minimize the 
mass of the components which make up the klystron. This reduction in klystron mass imposes 
requirements on the power distribution system switchgear to remove power very' rapidly in the 
event of arcing either in the tube or the ou'put waveguide. Minimum mass in the tube implies that 
the tube elements cannot withstand the heat generated when internal arcs occur for substantial 
periods of time. 
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Q *nMeS-t. W|fc Power My^wi D cp t ea e d Pajpi 

oaKMnuiMKi^itt 

V^»4X.1 lev. ELCCTROMC « FF. -- 79 % 

^«UAMi€iiES oumirancuTEFF.-nK 

M OUTPUT- TO. W KM 


poNcn iMotmaiEim 


KLYSTDON ELBNCNT 

SSEdKNT 

COLLECTOR 

C-KtWIENT 

COLLECTOR 

VOLTAGE 

CMIRENT 

POWER 

VOLTAGE 

CURRENT 

POWER 

MOOULATIMG AWOOE 

21.000 

msM 

1.052.4 

21.050 

a088 

1.852.4 

■OOP AMOK (IN SERIES W MOO ANOOC: 

21.050 


1A52.4 

21.050 

oon 

1.852.4 

SraXELKTROOEO 

0 

OLOM 

— 

0 

4044 


OOLUCTOHMa I 

25^160 

aoM 

1.107.4 

21.050 

4044 


COLLECTOR Mas 

37JB90 

OlOOB 

3.334J 

2S.160 

(LOSS 


COLLECTOR ftO. 3 

AOlOOe 

tsx 

77.44a0 

29.470 

4154 


COLLECTOR NO 4 


— 


37.890 

GL330 

12.5M.7 

vOI>«Xviun NOL 9 




W.UOD 


siym^ 

CATOOOE 

TOO 

TOO 

sao 

TBO 

TBO 

so.o 

SOLBMM) 

TOO 

TOO 

1.0006 

TBD 

TBO 

1.8040 

TOTAL POWER 


0K636A 



83JI17.4 

HKKESSEO POWER 


5.862^ 



12.433.7 

1 %EFF. 



iL56% 



8411% 


Table 5-2. Klystron Power Regulation Requirements 


MODULATING ANODE* 

SPIKE ELECTRODE 0 
COLLECTOR NO. 1 
COLLECTOR NO. 2 
COLLECTOR NO. 3 
COLLECTOR Na 4 
COLLECTOR NO. S 
CATHODE 
SOLENOID 


% REGULATION 

tas%v 

ia5%V 

texv 

t5%v 

t5%v 

ts%v 

lB%V 

♦asv.i.SKV 

tl%V 


•MODULATING ANODE CONNECTED IN SERIES WITH THE 
BODY ANODE. BODY ANODE CURRENT FLOWS THROUGH THE 
MODULATING ANODE POWER SUPPLY 
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Klystron life is impiurted by cathocte heater power on-off cyctes. In CMder to increase the MTBF of 
the klystnM), it is proposed that heater power be maintained during the period of time when occul- 
tatum (caused either ^ the eartr or other solar power satellites) occurs. In addition, other MPTS 
systems (antemu pointmg, phase contnrf. avionics, etc.) may require power during occultation or 
periods when maintenance is being perfmmed on the antenna or satellite and power is not being 
supplied 1^' the main power busses. 

5.2 POWER DISnUBUTION AND CONTROL SYSTEM CONCEPT 
5.2. 1 Sy»cm Conceit 

Aluminum sheet conductors were selected as the main power busses from the rotar>’ joint slip rings 
to the switchgear on the antenna since they are the most mass efficient. .As was shown in the Part I 
report, sheet conductors maximize the ratio of surface area (heat rejection area) to cross section 
area (heat generation area due to l^R). (Also see Reference 5-1 .) 

A review of the data shown in Table 5-2 shows that for the klystron with the five depressed collec- 
tors, the major amount of power (approximately 85 %\ is required by the fourth and fifth stages of 
the depressed collector. For one millimeter thick aluminum sheet cwtductors operating at lOO^^C 
the voltage drop is 0.2327 volts per meter of length regardless of the current, since conductor 
width is proportional to current- Calculations were made to determine the transmission losses for 
the other reqeried klystron voltages if they were generated on the satellite and routed to the 
antenna. The results showed that for a DC/DC conversion efficiency of 96% it was more efficient 
to ure a DC/DC converter to derive all klystron power except for depressed collectors 5 (Collector 
A power source) and 4 (Collector B power source). 

A block diagram of the MPTS power distribution and control system is shown in Figure 5-2 In 
addition to providing power for IX’/RF converters, the system also supplies power for antenna 
pointing, thennal control systems, energy storage, and antenna control systems. 

Each DC/DC converter provides power to approximately 0.5% of the total number of antenna klys- 
trons. The power requirements for the DC/DC converter for the three stagi* depressed collector 
klystron used in Part I are shown in Figure 5-3 and for the live stage depressed collector klystron 
used in Part II in Figure 5-4. An improvement in klystron DC/RF conversion efficiency is realized 
when the number of depressed collectors is increased from three to five as sliown in Table 5-1 . 

Fven though an improvement in DC/RF conversion efficiency is realized in increasing the number 
of depressed collectors, overall system efficiency may not be increased if power processing losses 
exceed the additional RF power gained in the DC/RF conversion. Table 5-3 presents the results of 
an analysis perfenned to verify that the additional power processing did not significantly impact the 
overall improvement in systems efficiency realized by using the five stage deprc.ssed collector klys- 
tron. Tlie system using the klystron with five depressed collectors is rjorc efficient. 
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F^ie S-2. MPTS Power Dbtributioti System Block Dumm 

WSMl 

TO KLYSTRON 
BODY ANODES 


TO KLYSTRON 
MOD. ANODES 

TO KLYSTRON 
CATHODES 

TO KLYSTRON 
COLLECTOR NO. V% 


TO KLYSTRON 
SOLENOIDS 


TO KLYSTRON 
HEATERS 



n>0.96 

2.666,833 W 

Figure 5-3. DC/DC Converter For Three Segment Depressed Collector Klystron Designed MPTS 
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BODY ANODE SUPPLY 
21A6eV|-MSW 



I-S7A 

MOOULATHra ANOOE SUPPLY 
21AS0V(^105V) 


l«0 


I-1&S 

COLLECTCMI NO 1 SUPPLY 
21.060V(-10SOV) 

i 

I-37A 

COLLECTOR Na 2 SUPPLY 
2S.16eV|tl2S8V) 


► 

I-9A7A 

COLLECTOR Na 3 SUPPLY 
29.470 V(t 1474V) 

i 

I-4200A 

StKENOID SUPPLY 
lOOVftllO 





CATHODE HEATER SUPPLY 
iov(vao&ai5V) 

1 - 2100A 


TO KLYSTRON 
a(X}Y ANOMS 


TO KLYSTRON 
MOO.AN(N>ES 

TO KLYSTRON 
CATHODES 

TO KLYSTRON 
COLLECTOR Na 1*S 


TO KLYSTRON 
COLLECTOR Na 2*S 


TO KLYSTRON 
COLLECTOR NO 3^ 


TO KLYSTRON 
SOLEWMOS 


TO KLYSTRWI 
HEATERS 


5^754 W 

n-0i96 

Pj„>S.443.494W 


F^uie 5-4. DC/DC Converter For Five Se^nent Depressed Collector Designed MPTS 
Table S-3. Five-Segment Depressed Collector Klystron Is More Efficient 


KLYSTRON TYPE 

TUBE EFFICIENCY 

POWER REQUIRED 

TUBE + DC/TC ^ 

CONVERTER 

EFFICIENCY 

PROCESSED 

UNPROCESSED 

3 -SEGMENT 

81.56% 

5.86Z2 

80.783.3 

81.32% 

5 -SEGMENT 

8&11% 

12,433.7 

70,583.7 

84.59% 


A -3.55% 


A- 3.27% 


*DOES NOT INCLUDE ANY POWER DISTRIBUTION I^R LOSSES. 
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The present antenna structural design concept consists ol a relatively sparse primary- structure, 
fairly dense secondary structure and ten dilTerent types of antenna suharray elements to achieve a 
ten step approximation of the desired taper. Within the subarray element, one set of connections 
provides the interface between the external power distribution system and the subarray distribution 
system. Power is routed from the power sector substations to the antenna subarray elements. Dis- 
connects are installed at the power sector substations to provide is«Mation for maintenance and 
repair. 

The power distribution and control system for the antenna is ver>^ similar to a conventional earth 
based system. The choice of Uwations for the power sector substations presents a problem w hich is 
normally encountered with earth-based systems. The optitmmt kvation from an efficiency stand- 
point may not be available because of inaccessibility or because it has been dedicated to other uses. 
Three locations arc possible for the power sector substations: 1 1 ) on the back of the secondary 
structure which is ix’latively inaccessible, has sirorter low voltage conductor runs (and hcncc lower 
conductor losses) and is near the high heat smirce of the khstrotis; on the back »>f the prinuirx 
structuiv which is readily accessible and has k»n^T tow voltage conductor runs and higher con- 
ductor losses; (3) on the antenna face where tcniper.iturcs arc benign but the cviuipincnt sc.it ters the 
RF beam. Option 3 was quickly rejected. 1 he objective of ,i substation is to give reliable service at 
minimum cost (Ref 5-2). This cos! is dcnvcvl fumi weighing (hrcc costs: mslalkitu'ii and equipment 
costs, power losses cau.sed by substation design and kv.ition, and revenue losses due to substatiun 
outages. Revenue losses due to substation outage is directly related to mean tune to repair, 

.An analysis was perfonned to ascertain the loss in ground power output due to an oui.ige of one 
power control svvtor on the transmitting antenna. One power control sector provides appioxi- 
malely 0.44' ; of tlic antenna power Loss of one power sector results m the loss of appreximately 
I O'T of the ground output due to loss of the power sector KL output, decreased beam ■, ffieieney 
and increased sidelobes. This results in the loss of 50 megawatts of ground output for each power 
sector outage. .As can be seen, it is important that the substation be loc.iicil such that it is rc.idilv 
acvessible and allows for rapid equipment rcplaccmciil repair. 

The heat which must be rcjcctcil b\ the IH' IX‘ eoiucricr thermal control s\\tem is from a rela- 
tively low source temperature ( "O^'l i. (.See .Section (».4.2 and (v4.3.) t he new angle to free space 
for the r.idiator is increased by moving the radiator back fn>ni the k!\ston in''i.ill.ilion loc.itiiMV 
Thus, radiator si/o is smaller for power sector substations installed .d the b.ick of !ic primary struc- 
ture than for those installed at the back of tlie seeoiulary strucUire 

Based on the above rationale, the power sector substation U>cation was selected to be at the back of 
the primary structua'. .Aluminum sheet conductors are routed from the rotary joint to the power 
sector control substation located at the pniiiarv structure truss intersection nodes at the back of the 
structure. 
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The MPTS antenna was divided into approximate equal power areas to deflne power control sectors. 
The power control sectors are shown in Figure 5-5. The number in circles are the power control 
sector reference numbers. The other numbers in each sector represent the number of klystrons in 
each control sector. Figure S-6 shows the location of the power sector control substation and the 
associated DC/DC converters. No substations are located on the center structural node, since this 
node is in the center oi the highest waste heat flux repon. 

Previous studies (Refs. 5-1 and S-2) have selected a lateral flow distribution system since this con- 
cept resulted in a lighter weight system. The electrical feed to the referenced configurations was 
near the antenna center. With the yoke mount configuration a lateral flow distribution was also 
selected to provide a lower weight antenna power distribution system. 

5.2.2 MPTS Conductor Selection 

The conductors for the MPTS power distribution consist of aluminum sheet conductors from the 
rotary' joint to the power sector control substations, circular aluminum conductors from the substa- 
tions to the subarray interface, and circular conductors on the subarray. The following paragraphs 
discuss the rationale for conductor selection and the design of the conductor systems for the three 
areas of conductor service; rotary joint to the substations, substation to the subarrays, and subarray 
wiring. All conductor analyses shown are for a quarter section of the MPTS antenna. 

5.2.2. 1 Rotary Joint to Power Sector Control Distribution 

Aluminum sheet conductors were selected for this application since they result in a minimum mass 
conductor system. Mounting provisions are available for large sheets on the back side of the 
antenna primary' structure. In order to determine the sheet conductor performance as a function of 
antenna location, the curves shown in Figures 5-7 through 5-12 were developed. Each of the sets of 
curves are of the form I/W'y/~T= F(T) where 

I = Conductor current in amperes 
W = Conductor width in centimeters 
F(T) = Function of conductor operating temperature (°0 

The curves were developed using a thermal radiative interchange factor computer program. This 
program includes a ray trace capability to generate views of the conductors to free space and to the 
antenna to compute, for the conductor location, the conductor thermal performance. 

The differences in the curves are primarily due to theii location on the antenna and the view factor 
of the conductor to the antenna background tempera.ure .shown in Figure 5-1 . For each conductor 
unit length the mass per unit can be computed (M/L) using the curves of Figure 5-7 through 
5-12 for any operating temperature as follows; 
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STEP 

NO. SUBARRAYS 

NO. KLYSTRONS 

1936 

272 

9792 

2930 

5m 

17420 

39 24 

612 

14688 

4920 

612 

12240 

5 916 

756 

12096 

6912 

864 

10368 

799 

628 

5652 

898 

57C 

4608 

996 

1032 

6192 

1094 

1000 

4000 


TOTALS 6932 

97,056 


POWER OUTPUT: (ANTENNA) 6.79 GW 
(GROUND) 5.01 GW 

Figure 5-5. MPTS Power Distribution Control Sectors 
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M-ttW 


YOKE CCMNECTION 



ANTENNA IMHINTEO ON Y-AXIS 
SYMMETRY ALONG «)TH X AND Y AXIS 

DARKENED NODES SHOW LOCATION AND NUMBER 
OF DC-OC CONVERTERS 

DC-DC CONVERTERS - 




•boT 


- 5.443 Mw/CONVERTER 

- M 

- S.m Mw/CONVERTER 

HEAT LOSS - 218 kw/CONVERTER 

- OPERATING TEMP. - 0 TO 7(fiC 
DIMENSIONS - 1ii2x%n 

TOTAL Na CONVERTERS - 228 


T 

3m 

i 





»s-tin 


BACK SURFACE OF PRIMARY STRUCTURE 

Figure S-6. MPTS Reference Power Conditioning Placement 



Figure 5-7. Distribution Conductors MPTS Antenna (Flat Conductors) 
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FiguK S-8. Distribution Conductors MPTS Antenna (Flat Conductors) 



Figure 5-9. Distribution Conductors MPTS Antenna (Flat Conductors) 
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Figure 5-10. Distribution Conductors MPTS Antenna (Flat Conductors) 



Figure S-it . Distribution Conductors MPTS Antenna (Flat Conductors) 
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Figare 5-1 2. Outer CoudoctOTs MPTS Antema (Flat Conductors) 
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where 


but 

then 


M/L ^ WTo 


M/L = mass per unit length (gm/cm) 


W = Conductor width in Cm. 
t = Conductor dtkknes in Cm. 
a = den»ty of aluminum 2.7 gm/cm^ 


I/W y/T = FtT) 

M/l - * ^ ° 

^ F(T) 


For conductor remtance 
where: 



A = Conductor area cm- 

p = Conductor resistivity. Slcm- 

R = Conductor resistance (ohms! 


The conductor I-R loss per unit length 


but again 


then the per unit loss 


I^R _ j£ j»L _ Iv _ 

L ~ T A ~ A ‘ Wt 


I 

Wy/H" 


F(T) 


1-R 1-p _ Ip F(T> 

L " l_yTT ~ y/~T 

FIT)" 


The photovoltaic power satellite has a mass of 5 1 .7 1 million metric tons and delivers ‘ '^.43 giga- 
watts to the rotaiy joint. This yields a specific mass of 3. 1 5 grams per watt for the satellite. Tlie 
total mass which is attributable to the MPTS conductor sy stem is the mass of the conductors plus 
the mass of the array required to compensate for the I“R loss of the conductor systeni. 

TOTAL MASS* CONDUCTOR MASS + 3.15 X CONDUCTOR |-R loss. 


On a per unit conductor length basis: 

Mi total) = M/L + 3.15 — 
L L 
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iuNtiiating 

or 


MimtalU Ix/Tb ♦ jt lSiPFm 

I "RTT “7 


M(lot4l>sKTi 0 +.V15PHT>> 

T“ i«n t 


For tach fc^mUuv'tor sepnent *^own in Fijnircs thnni^h 5-1 a Ciwdiidor o|vraiin^ femjx-raturc 
can be selecleU whkh wit minimwc satellite mass. A p'nerat ca^' U»r Ihs' sclectuM! »'f" the optiimim 
coniiuctor ten»i»eRiiure is shown in the inset of Ftpia' 5- 1 ' llie awHlnctor mass for ilie jJieci e«m' 
Juetors {tv¥n the a'tarx to the fows'r seslm etmtrol substatums was eompitteJ to K* ''0.5"' 
tUosrams with m l-R loss tif 145.5 megawatts for the ent'te antenna 

5,2. 2, 2 Power Sector Control to Sob-.^nrax l>BtrRiutron 

At liu' |Hxwet «sisn control sobslalKMi, tlw ?*vtoi svninM swilch;*-ai. distoimectv aiul IK IH con 
serters arc UvateJ Ihc Klvstrons require nine jitlerent v» 4 ia,ci’ IcxcIn. v-xen of wtiuii are pioxulcd 
by the IK' IX' c*'nverter In order to leiute I'smcr U» the sub-arraxs from the substation, ctnulnclors 
are royteil thrxHigh the pnmarx anJ siVtmJarx stiuclures t*» the sub arr-v mleifacc Cireulai alumi 
num s'onUuctors were sekeieJ m this apphcalisw m order to ssmpUfx ttie mslallatu'ii S.»me slicet 
conductors for this appheatu'n wsxuUl in- i»vet a quarter of a nu ter wide t - t 1 mmi am! «s»u!d 
require extensive sup|H>rt structure to cxMinteract intervoiuUictr'r magnetic Knees r irculat »a»n 
ductors, while more massive. tes|utre le;s>uptx«ri and hence U -ss tiismUaium hardwaie 

In order to asVinnphsli cmiductor si/ing. the enrxes shs»wn in I igures 5 ! aiul .'1 4 wete diseU’ivd 
llic cssnductor masses f»»r a 140 meter U'ngth and a 420 khslion ict'd are sliow n m l.iNe ,' 4 loi 
the two Kxainms shown in Figures 5-1.*- and 5-14 lor the calculations diown in ( ass* ! »»f laMc 
5^ the klystron supply xsx|tjgi"s for ssdeiu'ul and heater were UXt soils a 'u 10 Xi'Us. rvs|Vs tixely 
As can be seen from fable 5-4. the I'R K»sses lor thiscinie ate high CiS'rdiiutuni with the IH Kl 
(.'sxnxcrtor study team members resnlled in rexising the solenoid and heatec voltages t»» UH>0 vv'Hs 
and .'0 volts, resiveetivelv Inereasing these voltage levels w.-s iiui'fpi'iated in the t.iintlatums sJu'wn 
in Case 2 of fable 5 4 Hir total of Conducior l-K losses is 55 levs aiui the total *'f eonducloi 
massivx are S 2 less a signifieant impnwement Subsequent c»'nduetor iiuinx and lox> detenmnaiioii 
were delennined using the Cav 2 'abulalions 

Power IS ixnited from the power sector control to the antenna povser sectors shown m f igure 5-5 
iVpeiulent upon the antenna power sectoi Uvation the civuluctoi data shown m l.ible vv.is Used 
to cv'nipute the data sliown in fable '.s. Hie data shown in fable 5 ^ was .uluisted to ass vnitii for 
the actual conductor length and the act.ui lUMibet »q kly strons being fed bv .i snbst.iiion loial 
cmulnclv't m.i,ss .md losst's are sJiown m fable 5 -' fo» this p»>r lu*n of the (S'ltuin of the substation 
to subarray distribution system 



TEMKRATURi, 


«Mia 
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S-4. MPISCMte^cs-Ptower Sector Coirtrol to Sobemys-Cnoiler Conductois-140 
Meter Length 


COMOiriONS 

1 CASE1 

1 CASE2 


ONtRENT 

ANWS 

NO. Of 
WRES 

MASS 

KG. 


CURRENT 

AMPS 

IM.OF 

MORES 

MASS 

KG. 


NOTES 

-JL « 

4^ 

2 

1J6S 

1 

164^ 

420 

2 

63 

35.415 

CASE 1: 

0* ^ 

2.100 

1 

271 

61.786 

700 

1 

63 

24.896 

SOLEMHD 

T-3WflC 

64.7 

1 

3 

6608 

64.7 

mm 

3 

5.089 

VOLTAGE - 

37.0 

2 

2 

7612 

376 


2 

7.012 

100V 

e>«LOiH tomcat 

180 

■■ 


3600 

186 

H 

\ t 

2600 

HEATER 

NEAR 

-O- 

■■ 

f ’ 

-0- 

-0- 

■■ 

f ' 

“0“ 

VOLTAGE - 

ANTENN ^ 

138.6 


7 

8.466 

1386 


7 

8.456 

10V 

CENTER 

60SR 

u 

S3 

22.703 

6096 

mM 

52 

22.703 



2.966J6 

■■ 

430 

65.220 

16686 

■■ 

184 

42.627 

CASE 2: 

TOTAL 



2.131 

326636 



375 

148,406 

SOLENOID 










VOLTAGE- 

-4- - 450 

4.200 

2 

1.167 

192.335 

420 

2 

5* 

41.437 

1.000V 

0» 

2.100 

1 

232 

60692 

700 

1 

54 

29.125 

HEATER 

T-300^ 

64.7 


2 

5654 

64.7 


mm 

5654 

VOLTMK- 


37JI 


1 

8604 



■■ 

8604 

30V 

r - S .01 X io'*n cw 

W3 



2683 




2,583 


NEAR 

-0- 

■■ 

1 ' 

-0- 

-0- 


til 

-0- 


ANTEMHA 

138.6 

■■ 

6 

9.894 

1386 


■1 

9.894 


EWX 

•OSR 

■■ 

46 

26664 

6096 


45 

»664 



2J60j6 

Kl 

367 

76610 

1668.6 

Hi 

157 

49.874 


TOTAL 




1621 

382.437 



320 

173.^5 
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TiMe5*5. Ptowor Se^Of Contnl to Antenna ^wer Sector Condyctor Sumnury 

DOWNERS 


t«»E 

•I 

•II 


III 


IV 


*V 


•VI 


SECTOR 

LENGTH 

KLYSTRONS 

MASS 

I^R 

*57 

125.3 

426 

1.653 

347,171 

*31 

149.0 

4K 

1.993 

418.651 

*32 

134.1 

448 

1.861 

390,741 

*39 

138.6 

412 

1.7^ 

371,401 

*40 

122.5 

424 

1.609 

337.819 

•49 

138.6 

443 

1,902 

399.346 

1 

169.7 

432 

2.657 

407,516 

2 

172.8 

432 

2,705 

414,960 

6 

140.8 

432 

2.204 

338,1 16 

14 

126.0 

420 

1.918 

294,170 

15 

121.8 

420 

1.854 

284,365 

23 

126.1 

4^ 

1,907 

292.489 

3 

147.2 

A32 

2,307 

353,485 

4 

138.0 

4:% 

2.131 

326.856 

5 

133,2 

396 

1.912 

293,210 

7 

1^.0 

432 

2.176 

333.793 

8 

130.2 

426 

2.010 

308.319 

9 

124.0 

414 

1.860 

285.365 

10 

120.8 

408 

1,786 

273,972 

11 

124.6 

450 

2032 

311.680 

12 

133.4 

420 

2.030 

311.447 

13 

145.6 

420 

2.216 

339.930 

17 

137.3 

432 

2,150 

329,711 

18 

124.1 

408 

1,835 


*20 

135.4 

428 

1,795 

376,916 

21 

131.3 

450 

1.830 

384,921 

23 

140.0 

440 

1.9(» 

400.628 

29 

122.0 

456 

1,723 

361,832 

22 

139.1 

396 

1,706 

358.265 

30 

123.2 

428 

1,633 

342.955 

37 

146.0 

440 

1.9^ 

417.819 


144.2 

444 

1.983 

416.419 

47 

133.7 

442 

1,830 

384,358 

48 

122.5 

399 

1,514 

317,901 

55 

143.2 

417 

1,849 

388.384 

56 

155.2 

387 

1.860 

390.648 



SUBTOTAL 

70,096 

12.305,559 
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TMb5-S. ft»wer Sector CwitfolSBiwtrtiMi to Aatenna Power Sector C«w<hictwSn^m«y(CoatiMed) 

DOWNERS 


NODE 

SECTOR 

LENGTH 

KLYSTROKS 

MASS 

I^R 

•vii 

46 

120.6 

438 

1.636 

343.561 


53 

140.0 

403 

1,747 

366.S61 

•VIII 

19 

138.7 

432 

1.856 

389.711 


36 

127.3 

406 

1.601 

336.153 


27 

124.1 

416 

1.599 

335,774 


34 

128.8 

444 

1.771 

371,947 


35 

134.3 

430 

1.788 

375.601 


36 

142.0 

416 

1.829 

3M.206 

•IX 

16 

1^.1 

A32 

^JB6^ 

390.835 


24 

123.2 

432 

1.648 

346.160 


25 

135.4 

424 

1.778 

373,394 


33 

129.9 

404 

1.625 

341.329 

•X 

41 

136.8 

408 

1.729 

363.019 


42 

124.0 

413 

1.^ 

333.(ffi4 


43 

138.0 

432 

1.846 

387,744 


44 

137.0 

404 

1.714 

359.^5 

•XI 

45 

131.3 

444 

1.805 

379,167 


52 

144.6 

412 

1.845 

M7.479 

*XII 

51 

132.2 

434 

1,777 

373.167 

*XIII 

50 

132.9 

360 

1.564 

328.467 

•XIV 

54 

122.0 

407 

1,538 

322,951 


106.239 19.886,250 


ORIGINAL' 

fiF pugr yUf.Lirsu 
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The remainder of the Mbstation to aibarray conductor system consists of the conductors required 
at the primary structure/secondary structure interface to distribute power to the subarrays. Indi- 
vklual conductor “drops" are provided through the secondary structure to the subarrays. The tabu- 
lations of Tabk 5-6 pre«nt the results of analyses to determine conductor losses and masses for this 
portion of the conductor systems. Antenna power sector layouts are provided in addition to con- 
ductor mass and losses for each power sector layout. 

S.2.2.3 Suhairay Distribation 

The ccmductors on the individual MPTS antenna subarrays are insulated circular aluminum con- 
ductors. The thermal environment for the conductors is relatively benign (Figures 6-16 and 6-17) 
since the klystron radiator system is designed to radiate away from the waveguide surface. Each 
subarray conductor is routed from the interface cmmection at the subarray drop to the klystron. 
For reliability reasons no conductor taps are made on the subarray to provide for multiple klystron 
fMds from a ^gle conductor. 

F^ire 5-1 5 presents the conductor summary for the four klystron subarray. Also shown in Figure 
5-15 are per unit length tabulations of conductor mass and l-R losses. All subarray conductor cal- 
culations for subarray distribution mass and losses were computed using these per unit length values. 
Figures 5-16 throu^ 5-20 present the results for the other antenna subarray types. Total antenna 
subarray conductor mass and losses were computed by multiplying these quantities by the number 
of each subarray types. 

5.2 J DC/DC Converters 

The requirements of the DC/DC converters are discussed in Paragraph 5.1 . The detailed analysis 
of DC/DC converters was performed by General Elec»ric and the results are shown in Appendix A. 
This data was not received in time to incorporate into the baseline MPTS power distribution system 
design. However, the results of some of the data are summarized in Figure 5-2 1 . The total mass of 
the figure is composed of the DC/DC converter mass plus the mass of the radiator system to cool 
the converter plus the mass of the satellite power generation required to generate the converter 
electrical losses. The minimum total mass occurs at a converter switching frequency of approxi- 
mately 20 kilohertz which corresponds to a converter sp*-cific mass of 1.0 kg/kw and efficiency of 
96% which were used for the baseline MPTS power disit.bution system design. 

5.2.4 Switch^ar 

The antenna power distribution system fault protection scheme is shown in Table 5-7. In addition 
to the fault protection required in the MPTS Power Distribution System, isolation of the switchgear 
for maintenance purposes is desirable. The use of isolation disconnects would enable isolation of a 
single power sector substation without powering down the main power buses. The disconnects are 
not designed for current interruption and are only operated when no current flow exists (i.e.. the 
downstream breaker is open when the disconnect is operated). 
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TrirfeS-6. AateMa Paver Sector CondactM'SiMmBary 

POWER SECTOR TYPE I 


4f 




tt 

TTT 


SECTOR BUS - 49.6 
SECTOR DROPS = 120 


SECTOR NO. 

KLYSTROK® 

DISTANCE 

1 

432 

tra.7 

2 

432 

172.8 

3 

432 

147.2 

4 

426 

138.0 


Wj • 7,321 
|2r » 171,060 
Wj > era 
|2r « 79,522 


POWER SECTOR TYPE II 


SECTOR BUS = 29.8 
SECTOR DROPS = 166.0 


SECTOR NO. KLYSTRONS DISTANCE 

6 432 140.8 

5 396 133.2 

\Nj = 2,183 
I^R = 51,387 
Wy = 463 
|2 r = 48,7(» 


POWER SECTOR TYPE III 



T 1 

T 

l±±. 

U 

i 1 

1 

rtt 


SECTOR BUS 

= 59.6 

SECTOR DROPS 

= 140 


SECTOR NO. 

KLYSTRON 

DISTANCE 

7 

432 

139.0 

8 

426 

130.2 

9 

414 

124.0 

10 

408 

120.8 

12 

420 

133.4 

13 

420 

145.6 

14 

420 

126.0 

15 

426 

121.8 

Wj * 17,594 



I^R = 411,097 



Wf = 1,225 



I^R = 164,315 
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Table 5-6. Antenna ^wer Sectmr CondtKtor 5UinaiMy (CmitaNi^) 

POWER SECTOR TYPE IV 






SECTOR NO. KLYSTRONS DISTANCE 

11 450 124.6 


SECTOR BUS - 38.7 
SECTOR DROPS = 207.5 


« 1.570 
|2r - 34.229 
Wj - 227 
|2r = 30,442 


POWER SECTOR TYPE V 


SECTOR NO. 

KLYSTRONS 

DISTANCE 

18 

4{» 

124.1 

22 

396 

139.1 

23 

432 

126.1 


SECTOR BUS • 29.8 

Wt 

= 3.236 


|2r 

= 77.M1 

SECTOR DROPS = 251.8 

Wt 

= 614 


I^R 

= 95,505 


POWER SECTOR TYPE VI 


SECTOR NO. 

KLYSTRONS 

DISTANCE 

16 

432 

139.1 

17 

432 

137.3 

?0 

428 

135.4 

21 

450 

131.3 


SECTOR 

SECTOR 


BUS 

= 49.6 

Wt 

= 7,591 



|2r 

= 171,060 

DROPS 

= 248.8 

Wt 

= 808 



I^R 

= 125,823 
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TabfeS^. Anteana Power Sector Conductor Suiranary (Continued) 


POWER SECTOR TYPE VII 



SECTOR BUS = 39.7 
SECTOR DROPS = 314.6 

POWER SECTOR TYPE VIII 


SECTOR NO. 

klystrons 

DISTANCE 

19 

432 

138.7 

24 

432 

123.2 

25 

424 

135.4 

26 

406 

127.3 

31 

432 

149.0 

32 

448 

134.1 

Wj = 8.978 



I^R = 205,376 



Wj = 697 



i^R = 322,308 




SECTOR NO. KLYSTRONS DISTANCE 

30 428 123.2 


SECTOR 

SECTOR 


BUS 

= 69.5 

Wt 

= 2,583 



I^R 

= 59,922 

DROPS 

= 290.2 

Wt 

= 107 



I^R 

= 49,552 


POWER SECTOR TYPE IX 



SECTOR NO. 

KLYSTRONS 

DISTANCE 

33 

404 

129.9 

29 

456 

122.0 


SECTOR 

BUS = 69.5 

Wt 

= 5,251 



|2r 

= 119.846 

SECTOR 

DROPS = 331.7 

Wt 

= 245 



|2r 

= 113,276 


OF POOR ftOALini 
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Td>le 5-6. Antenna Power Sector Conductor Summary (Continued) 


PCHMER SECTOR TYPE X 



SECTOR BUS = 49.6 
SECTOR DROPS = 377.6 


SECTOR NO. 

KLYSTRONS 

27 


416 

28 


440 

39 


412 

40 


424 

Wt = 

5,138 


I^R = 

257,857 


II 

»- 

414 


|2r = 

222,255 



POWER SECTOR TYPE XI 


SECTOR NO. 
34 


KLYSTRONS 

444 


SECTOR BUS = 59.6 

Wt 

= 1,348 


|2r 

* 77,461 

SECTOR DROPS = 440.5 

Wt 

= 121 


l^R 

= 64,820 


POWER SECTOR TYPE XII 



SECTOR NO. KLYSTRONS 


36 

416 

38 

444 

41 

408 


SECTOR 

BUS = 49.6 

Wt 

= 3,204 



|2r 

= 193,392 

SECTOR 

DROPS ’ 575.1 

Wt 

- 473 



i^p 

= 253,878 


DISTANCE 

124.1 

140.0 

138.6 

122.5 


DISTANCE 

128.8 


DISTANCE 

142.0 

144.2 

136.8 
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Table 5-6. Antenna Power Sector Conductor Summary (Continued) 


POWER SECTOR TYPE XIII 




^^^HnnnnnnnnH 

SECTOR NO. 

KLYSTRONS 

DISTANCE 

^^^^■uuuuuuuu^l 

37 

440 

146.0 


SECTOR BUS 

= 69.5 

Wt 

= 1.558 



|2r 

■= 90,328 

SECTOR DROPS 

= 503.4 

«T 

= 94 



|2r 

= 61,148 


POWER SECTOR TYPE XIV 


■nnnnnnnnn 

■liiKiiiiiiiium 

I iiiiiiiiiiiiiiim 

uuuuuuuuu 


SECTOR NO. KLYSTRONS DISTANCE 
35 430 134.3 


SECTOR BUS 

= 79.4 

Wt 

= 1,733 



|2r 

= 103,194 

S JTOR DROPS 

' 566.4 

Wt 

= 106 



I^R 

= 68,801 


POWER SECTOR TYPE XV 





SECTOR NO. 

KLYSTRONS 

DISTANCE 

48 

399 

122.5 

49 

443 

138.6 


SECTOR BUS 

= 49.6 

Wt 

= 2,128 



|2r 

= 128,9.’8 

SECTOR DROPS 

= 772.7 

\Nj 

= 289 



I^R 

= 187,720 


145 


D180-22876-4 


Table 5-6. Antenna Power Sector Conductor Summary (Continued) 

POWER SECTOR TYPE XV! 


KLYSTRONS 

438 


SECTOR BUS = 59.6 
SECTOR DROPS = 831 5 


Wt 

= 1,330 

I^R 

= 77,461 

Wt 

= 155 

I^R 

- 101,002 


SECTOR NO 

46 


POWER SECTOR TYPE XVII 



SECTOR NO. 

42 

43 


KLYSTRONS 

413 

432 


SECTOR BUS 

= 79.4 

Wt 

= 3.418 



|2r 

= 206,389 

SECTOR DROPS 

= 862.7 

Wt 

= 323 



I^R 

= 209,584 


POWER SECTOR TYPE XVIII 



SECTOR BUS = 59.6 
SECTOR DROPS = 1212.2 


SECTOR NO. 
45 


KLYS"fRON 

444 


W-j- = 1,348 
I^R = 77,461 
Wt = 154 
I^R = 121,547 


DISTANCE 

120.6 


DISTANCE 

124.0 

138.0 


DISTANCE 

131.3 
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TiMe5-6. 

POMER SECTOR TYRE XIX 


fDWCT Sf ctof C on dac tor Somimry (CoatuMied) 


nnnnnnnr 

Miiniiiiimi 

iiiiiiniiiiiii 


llll l l tf H I l l llt l 


SECTOR NO. 


47 


KLYSTRONS 


442 


SECTOR BUS 

• 69.S 

»T 

• 1.565 



|2r 

= 90.328 

SECTOR DROPS 

« 1030.2 

’"'t 

• 131 



|2r 

° 103.298 


POWER SECTOR TYPE XX 


nnnnnnnnn 




IIUIIIINIIIIIII 




1UU & I I A i A 


SECTOR NO. 


KLYSTROI« 

404 


SECTOR BUS 

= 79.4 

»T 

= 1.675 



I^R 

= 103.195 

SECTOR DROPS 

= lira.l 

»T 

= 148 



|2r 

= 116.223 


POWER SECTOR TYPE XXI 


SECTOR NO. KLYSTRONS 

so 380 


SECTOR BUS 

» 79.4 

Wt 

“ 1.537 



I^R 

= 103.195 

SECTOR DROPS 

= 21OT.1 


« 163 



|2r 

° 168.199 



distance 

133.7 


DISTANCE 

137.0 


DISTANCE 

132.9 
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TaUeS-6. AatemaPbwer Sector CMdoctorSimiBary (CoatwHcd'i 


KNVER SECTOR TYPE XXII 



POWER SECTOR TYPE XXIII 



^CTOR NO. 

KLYSTRON 

DISTANCE 

51 

434 

132.2 


SECTOR BIJS 

- 200.9 

»T 

^ 4443 



I^R 

« 261.105 

SECTOR DROPS 

= 1613.5 

Wt 

= 120 



I^R 

= 123.4© 


SECTOR NO. 

KLYSTRONS 

DISTANCE 

52 

412 

144.6 


SECTOR CHS 

- 165.8 


= 3.480 



I^R 

= ?:5.486 

SECTOR DROPS 

= 2241.8 

Wt 

’ 166 



I^R 

= 171.543 


POWER SECTOR TYPE XXIV 


UMIIIIIIIKIIIliilllllSIKI 
UIIISIII 
UIICII 


I I L T- 


mm 



SECTOR NO 

KLYSTRONS 

DISTANCE 

53 

403 

140.0 


SECTOR BUS 

158.8 

«T 

= 3.260 



I^R 

= 206.389 

SECTOR DROPS = 

1M7.6 

«T 

= 97 



I^R 

- 100.057 


148 


D|§0-2387M 

TaMrS^ Aalc«M fewer Scd«rCeadiiclor&WMnafy <Coaliiiiied| 


KMVCft SEC10K TYPE XXV 





SECTOR HO. KLYSTRONS 


54 


407 


SECTOR BUS 

1^0 


‘ 3.422 



l^R 

214.447 

SECTOR DROPS = 

1647.1 


« 122 



I^R 

* 1260K 


PJXdfER SECTOR TY« XXVI 



SECTOR NO KLYSTRONS 

^ 417 


SECTOR BUS 

- 99 3 


• 2118 



UR 

• 129 058 

SECTOR DROPS 

- 1740 3 

«T 

' 129 



UR 

- 133 168 


POWER SECTOR TYPE XXVII 



SECTOR BUS 

' 109? 


2.153 



UR 

• 141925 

SECTOR DROPS 

- 11947 

«^T 

S9 



I^R 

91.418 


DISTANCE 

122.0 


OIST ANCE 
143 2 


OlSi ANCE 
15S2 
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TaUeS-6. Antema Pbwer Sector Conductor Swimoy tCM^Med) 

PCMVER SECTOR TYPE XXVIII 


nnnnnnnnnniinn 

tiiiciiKiiiiiiluimiiu 




SECTOR NO 
57 


KLYSTRONS 

426 


DISTANCE 

125J 


SECTOR BUS 

= 119.1 

«T 

’ 2.J^5 



I^R 

* 154.792 

SECTOR DROP 

= 1246.1 

Wt 

’ 9? 



I^R 

- 95.352 


SECTOR BUS 


103.750 

SECTOR BUS 

I^R = 

4.137.729 

SECTOR OROre 

Mt ' 

8442 

SECTOR DROPS 

I^R = 

3.453.4^ 
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4 klystrons 2X2 
CUHitt»T/ruK TOTAL CUHRENT 



£ c Oj04» Sj6L7 


FjfHeS-lS. Foot ICIystioB Sohamy CoadBCtOT Smnivy 


ISl 
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• KLYSTRONS 2X3 



VOLTAGE 

TOTAL CURRENT 

21JK0 

— 

42,100 

0 724 


oas2 

25.180 

0L774 

29.470 

1J32 

37mO 

2.640 

40ja00 

1I.6I6 

to 

«7j000 

100 

WOOD 

COMMON 

S7.21* 


Lj-eSjB32 
«^3.I«K« 
l*R - 369.71 


• klystrons 2X4 

Figure S-16. Six and E^t Klystron Subarray Conductor Summary 
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DISC 228764 



VOI.TAK 

TOTAL CUnaCNT 

ai^ 

— 

« 2 .tea 

«k7a> 

atjMO 

CL3M 

K.iao 

o.7n 

JM» 

laaa 

vjm 

MM 

mjm 

isjoea 


«jm 

wa 

imM 

OOMMON 

C«.40« 

‘■T* 

>TM» 

Nt 

•MXK« 

Ai 

-4S«J3 



VOLTAGE 

total OiSBENT 

»jB9» 

__ 

43.10a 

ijose 

TIJBO 

ejLM 

».ieo 

IJ0S6 

39.4M 

ia«8 

37JB90 

M» 

40JB3O 

17.434 

10 

eojooo 

too 

130000 

COMMON 

aSOTT 

^T 

-95.4MM 

•Sr 

-4.42M 

l>R 

-SNJS 


Figiife5-I7. Nine and Twelve Klystion Subamy Conductor Summary 


153 




0180 - 22876 ^ 


VOLTAGE TOTAL CUBBEWT 

JIJB50 

42.100 1.400 

21.0SO 0.204 

2S.t60 t.408 

29.4W 2.464 

37JH0 6.M0 

40A» 23.232 

10 aoMo 

too loojno 

COMMON 114.496 


L^ - 131 JM 
W^«6.»4IC9 

1*0 » 29Sl73 


voltage total CLIRRENT 

21J050 

42.100 1.7G0 

21.0^ 0.080 

2S.160 1.780 

29.470 3.080 

37.890 6,600 

WjOOO 39.0W 

10 loojno 

100 200.000 

COMMON 143.120 


Lt> 166.586 M 
M^-7.«)Kg 
l*R - 991.77 


20 KLYSTRONS 5X4 

Figuie S-18. Sixteen and Twenty Klystron Subanay Conductor Summary 
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p 

P 

P 


p 

(O 

T 


,2_, 

T 


s_. 

T 


b 

b 

b 


b 

o 


M KLYSTRONS 4X6 


VOLTACe 

TOTAL CURRENT 

rijKO 

. 1— 

42.tm 

3.113 

2IJM0 

IJD68 

35.160 

2.113 

36.410 

3J6M 

31J00 

7J930 

40jm 

34446 

to 

130jOOO 

160 

340jOOO 

COMMON 

111.344 

»^T- 

•1*1.496 

«W 

•oaoKt 

l>R 

* 1.16641 



p 


P 

1 



o 


P 


o 


t 

:r> 

b 

j 



9 

:h- 


0 

9.^ 


9 

— 


r- 

- 







0 

















d) 


A 


6 


6 


O 


o 


0 


o 


o 


0 


» KLYSTRONS 6X6 


VOLTAGE 

total CURRENT 

21450 

-1 — 

43.100 

3.640 

41J05O 

1.S0 

25.160 

2410 

39.410 

4.620 

37490 

9400 

40400 

43460 

10 

1S0400 

100 

300.000 

C0MI40N 

314480 

V 

‘ 331477 M 

*«W 

- 10.13 Kg 

l*R 

•145740 


Figure 5*19. Twenty-four and Thirty Klystron Subairay Conductor Summary 
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VOLTAGE TOTAL CURRENT 

21JOSO 

42.100 3.168 

21.060 1J04 

26,160 3.168 

20.470 SJ44 

37.89C 11J60 

40A» S2J72 

10 160J100 

100 

COMMON 2S7416 


LfO 296.244 M 
^ • 12.83 Kg 
l*R - 1.72ai7 
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F^nre 5-20. Thkty-six Klystron Subarray Conductor Sununary 
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Figure 5-2 1 . DC/DC Converter Optimization 
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TM>le 5-7. Antenna Power Distribution Fault Protection 


FAULT AREA 

PROTECTION SCHEME 

MAIN mis 

REMOVE ALL SATELLITE POWER SOURCES 

ANTENNA ^ DISTRIBUTION BUS 

OPEN APPROPRIATE MAIN ANTENNA CIRCUIT BREAKER 

ANTENNA OC/OC CONVERTER 

OPEN CONVERTER CIRCUIT BREAKER 

KLYSTRON INTERNAL ARCINO 

TAKE KLYSTRON MODULATING APKIDE TO CATHODE POTENTIAL 

OUTPUT WAVEGUIDE ARaNG 

REMOVE KLYSTRON INPUT RF DRIVE 
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General Electric performed SPS switchgear studies. The study results are included in Appendix B. 
Three likely candidate switchgear types wer* considered for use on the SPS. They are: 1) Vacuum 
DC circuit interrupter with commutation circuitry. 2 ) Solid State Circuit interrupter, and 3) a 
Liquid-Metal ITasma Valve Switch with a parallel mechanical contactor and commutation circuitry 
(Ref. 54). 

There are three basic types of switchgear required in the MPTS power distribution systems. These 
are as follows: 

1) Klystron Collector A Supply 

Switchgear Rating: V = 40,800 volts 
I = 620 amps 

Momentary Current = 6.200 amps 
Load: Klystron Collector #5 (420 ea. approx.) 

2) Klystron Collector B Supply 

Switchgear Rating: V = 38,700 volts 
I = 290 amps 

Momentcry Current = 2,900 amps 
Load; DC/DC Converters 

Klystron Collector #4 (420 ea. approx.) 


3) Klystion Clamp 

Switchgear Rating; V = 2 1,500 volts 
I = 0 amperes 

Momentary' Current = 0 amperes 

Load: None Normally open-Takes modulating anode to cathode potential. 

The purpose of the klystron clamp is to stop current flow in tne klystron. Tlie modulating anode is 
a non-intercepting anode and, hence, draws no current. A very large series resistance (20 megohms 
for instance) can he placed in series with the anode, limiting the current from the modulating anode 
supply to approximately I milliampere when the clamp is on. Tlie clamp must operate extremely 
rapidly in order that the waveguide and/or klystron not suffer damage due to sustained arcing. 
Other klystron internal arcing near the depressed collector will be extinguished using the powei 
sector control circuit breakers. However, considerably more conductor mass is present in the cc 
lector plates than on the waveguide walls. In addition, some conductor resistance is present 
between the klystron and the power sector control substation to limit currents during arcing. 
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An alternate approach which was considered incorporated individual switchgear at each sub-array 
for each sub-array power input. These switchgear, nine per sub-array, would be smaller than the 
sector control switchgear and would provide protection from the energy stored in the output 
filters of the power sector DC/DC converter. The sub-array switchgear would be over and above the 
existing power sector control switchgear. A total of 62.388 additional breakers would be required 
for each antenna. TTiis approach was not implemented since detailed converter filter design was not 
available and a detailed transient analysis was not performed. Fault transient analysis and the 
requirement of switchgear fault interruption times are discussed further in paragraph 5.3. 

5.2.5 Energy Storage 

It is anticipated that significant increase in the .VITBF of klystrons can be achieved if thermal cycling 
cf the klystron cathode heater can be minimized. Tliere are 67,056 klystrons per antenna each 
requiring heater power of 50 watts at 30 VDC'. I hus. a total of 4.853 megawatts of power is used 
for klystron heaters. If a distribution loss of 20ff (because of the low voltage ) and a period of 2 
hours required fo. operation from stored energy are assumed, then 1 1.647 megawatt hours of 
stored energy are required for klystron heaters. If an additional load of 200 kilowatts are postu- 
lated for antenna pointing, phase control and other antenna avionics system, then approximately 
1 2 megawatt hours of stored energy are required. 

Gas electrode battery systems offer the promise of better rechargeable prospects and higher energy 
densities. A Nickel Hydrogen battery' system should provide at least four times the sen ice life of 
Nickel Cadmium batteries (Ref. 5-5). With an energy storage system of this size, an energy density 
of 57.3 watt-hours/kg ( 26 WHr/lb) including tankage was deriv'cd. With a depth of discharge of 
0.7 during a normal 2 hour operation, a density of 40. 1 WHrs kg is used to detennine the mass cf 
the required energy storage system. Tire estimaied mass for the energy storage system is 2‘’6.3 \ 

10-' kilograms (290.3 metric tons). 

5.2.6 Weight and Efficiency 

The weight and power loss of the MPTS power distribution and control system is shown in 1 able 
5-8. The total losses, including DC/DC converter losses, are approximately 250 megawatts per 
antenna. The antenna power distribution and control system efficiency is approximately 97'?, 

5.3 AREAS FOR FURTHER INVESTIGATION 

During the course of the conceptual design and analysis of the power distribution system, issues 
developed which through time and/or manpower restrictions, were not thoroughly investigated. 
The issues of main concern are di.scussed in the foiiowing paragraphs. 
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Table S-8. Antenna Power Distribution System 


MASS (KG) l*R LOSS (WATTS) 


ROTARY JOINT TO 270,577 145,453.890 

POWER SECTOR CONTROL 


SECTOR CONTROL TO 109,722 49,903,520 

SUBARRAYS 


SECTOR CONTROL 1,377,604 49,644,720 

DC/DC CONVERTERS 
AND SWITCHGEAR 


SUBARRAY WIRING 35.871 4,774,760 

(INSULATION INCL.) 


TOTAL 1,793,974 249,776,890 


X LOSS - 2.99X 
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DC/RF Converter Protection 

Eaci. MPTS antenna in the baseline desi^ contains over 97,000 OC/RF converters and 228 power 
sector control substations. During the conc^tuai design of the klystron, an effort to nuninvze 
>he mass of the individual tube elements resulted in an overall lightwei^t tube. However, removing 
mass from the tube imposes the re.)uirement that the probabitity of internal arcing must be mini- 
mized and. in the event that arcing should occur, rapid removal of the power sources is required. 
Preliminary requirements placed on the MPTS switchgear were extremely strin^nt 10 micro* 
seconds current interruption time. The development of svltchgear to perform this task will require 
an improvement of two orders of magnitude in current interruption time wer present switchgear 
capabilities (milliseconds to hundretiis of milliseconds). Analyses are required of pos-sible klystron 
design changes and possible uses of current limiting reactors to increase ;his time. 

Plasma Effects 

Some effort was expended during this stedy on the effects the quiescent LEO plasma has on the 
SPS array for the self-powered transler uom LEO to GEO. However, due to stirfy priorities, no 
effort was expended on the effects of the quiescent plasma on power distribution n stem conduct- 
ors since the effects were assumed to be anall due to the surface area of the slieet conductors 
being small with respect to the array area, and the relatively low quiescent plasma level at GEO. 

In addition, nt. efiort was expended to analyze the effects of plasma at GEO during magnetic 
substoims. 

There aa* signifr ant interactions between the ambient pla^n;: and the large SPS array that need 
to be investigated, particularly for the LEO case. The mechanisms inciule (but arc not limited to) 
snow plowing of ions, large geomagneticaily induced potentials, local electron acceleration and 
ionization of neutral gas. concentration of particle fluxes, char^ buildup on dielectric surfaces, 
and possibly collective wave distribution- Such effects arc due to well know n prir iples of plasma 
physics and their magnitude is sharply ^iihanced by the size. sha(K* and the field intensity of its 
unshielded electrical system. Since these interactions roay deteriorate the perfonnance SPS. 
it would be prudent to analyze their magnitude with simple physical models. A thorough ir...sti- 
gation may be warranted in some cases to identify design configurations that .suppress power losses 
to the piasnia 

Integrated Power Management 

The t>r;nd in earth-based power generation stations is more and more toward automated control 
w iih minimum operator action except during :,tartup. Should unattended SPS operation be selected, 
:o'nplete automat *d operation will be reouired ^or all phases including startup. op»*ration, voltage 
regulation, taiil. detection and rt • >n. load control, and shutdown. While the system designed 
w ill serve the functiors of power disiribution. fault iletection and control, and isolation. A further 
step in svstem definition is t.quired to perform if r.ianagcmcnt of the integrated SPS power 
sy-stem. 
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6.0 ANTENNA INTEGRATION 

6.1 INTRODUCTION 

This section descril .“s the antenna configuration selection of non-RF components and integration of 
the antenna subsystems into a workable microwave power transmi^on system (MPTS). 

6.2 INTEGRATION CXMSCEPT 

6.2.1 System Rc quk enients 

The SPS features which aflcct the MPTS configuratitm are: 

Ground power output 5 10^ watts 

Nominal antenna diameter 1000 meters 

Power density taper (^antized 10 db gaussian 

System de»gn objectives include a high first-mode frequency, low thermal distortion, accurate 
pointing^d crmpatibility with operating envircmment. 

Tl.e major hardware compwients for the MPTS reference design are; 

Klystron 70 kw radiated output 

Waveguide Standing wave type 

Thermal control Passive, using heat pipes and/or radiators 

Power distribution Buses and distributed power converters 

This section discusses these major components, associated design constraints and interfaces which 
were resolved to develop a ccunpatible MPTS. 

6.2.2 Design Constraints 

The major RF elements have constraints and or tolerances that affect the overa!l configuration and 
establish subsystem interfaces. The klystron module and subarray arc a major comt>oneni in this 
category. 

A klystron module cor.sbts of the RF amplifier itself: solid state driver and control; power supplies: 
thenna! control: feed and radiating waveguides, and structural support. A subarray is composed of 
an integer number of klystroo modules attached to a ^mmon structure, and pointed as a unit. 
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The waveguide “stick” must be an integer number of guide wavelengths long so as to establish 
within it an optimum standing-wave pattern. The guide wavelength depends on the waveguide-^tick 
crt^-section dimensions. The klystrcm module must contain an even number of radiating wave- 
guitte stkks to balance the two output ports (mi each klystron. 

All of the subarrays should have the same dimensions so that the pointing units can have a common 
design. To achieve power density tapering across the antenna, it is necessary to vao the numbers of 
klystron modules per subarray. These waveguide constraints for the klystron module and the 
dimensional tolerances in Figure 6-1 lead to a set of solutions for waveguide and subarray sizes 
which result in the defied reference power denraty taper (see Sec. 6 4). 

6.2.3 System CompatibBity 

Antenna subsystems must not only interface compatibly with other subsystems and supporting 
structure, but also must be capable of being constrocted and maintained in space. Placement and 
airangement of subsystem elements become important, as is the level to which the line replaceable 
unit (LRU) is designated. The sub..rray has been selected as the LRU at present, but a klystron 
module may be considered as a candidate at a later time. 

6.3 STRUCTUR.AL (DONSIDERATIOr. J 

The supporting structure for the .MPTS components must have the lowest practical mass, must be 
easy to assemble and maintain, and niust constitute a stable platform for the transmission of RF 
eneigy to the ^ound rectenna. The adopted two-tier structure has a dense secondary' structure to 
support the RF elements, and a deeper, low-dcnsit; primary structure to provide stiffness and 
stability. 

6.3.1 r -sign Drivers 

The design drivers, as based on criteria cstal-lislted by system design constraints and tolerances, are 
summarized in Table 6. 1 . 

Low density is an important design driver because it relates dia'ctly to low structure mass, leading 
to lower material and transportation costs. Also, it interferes less with efficient radiation of waste 
heat from themial radiators. 

High rigidi'v minimizes deformation due to attitude control, maneuvering, pointing and tenipera- 
t* re changes. Thus, good RF beam integrity requia*s a rigid platform 
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LBiGTH 


WAVE GUiOe mOTH 



SU>T TOLERANCE LENGTH » »AC1NG t? WLS 

OFFSET t.SMILS 


■iAimtJMGAF 
BETWEEN SU8ARRAYS 


TILTOFSU8ARRAV 


SUBARRAY SURFACE 


. 25 " 



Figure 6-1 . IMmcnsional Tolerances 


Table 6-1 . Stractuial Design Factors 


DEL.GN DRIVFBS 


SELECTION REASON 


A. miMARV STRUCTURE 


L LOW DENSITY 

2. HIGH RIGIOITV 
31 HIGH 1ST MORE FREOUENCY 
A COMPATIBLE WITH SECONPARY 
STRUCTURE 


TETRAHEDRAL PLANAR TRUST/ 
LOIVEST MASS AND HIGHEST 1ST MODE 
FREQUENCY FOR PLANAR AREA 
OBTAiNED 


a SECONDARY STRUCTURE 1. 

2 . 


SAME AS A.1. 2.3 
CCmPATIOLC WITH SUQARRAY 
STRUCTURE 


TETRAHEDRAL PLANAR TRUSS/ 
SAME REASONING AS A 


CL SUBARRAY STRUCTURE 1. 

2 . 

3l 


SAME AS A1.2.3 
COMPATIBLE Y.TTH MODULE 
STRUCTURE 

POINTING AT THIS LEVEL 


• BEAM -EGGCRATE"/ 
COMPATIBLE WITH STRUCTURAL 
& INTEGRATION REQUIREMENTS 


a MODULE STRUCTURE 


1. COMPATIBLE WITH RF REQMT'S I BEAM “EGGCRATE'7 

A. POWER TAPERING SAME REASONING AS C 

a WAVEGUIDE SPECIFICATIONS 

2. HIGH P'QIOITY AT SUBARRAY 
LEVEL 

3. INTEGRAL WITHIN SUBARRAY 
STRUCTURE 

4 . PROVIDE MOUNTING ANO 
INTERFACE REQMTS 
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Hi^ first osciUatk>n mo<te frequency detennines »o what extent large oscillations will be excited by 
low frequency vibrations induced by docking, attitude centred, pointing, yoke movement, or other 
(^rations. These low frequencies should not couple to the antenna in a manner that would disturb 
MPTS <^>eiati<Mi. 

In addition, selected structure must be based on materials and processes that are compatible with a 
low absolute pressure, variable heat loads due to daily attitudc/chani^ and esclipses. and particu- 
late and UV radiatiem. 

6.3.2 Structure Seteetkm 

TTie selected structure incorporates tetrahedral planar iruaes wher.'ver possible, having the lowest 
mass and hipest first mode frequency when compared with other ^neric trusses of equal depth 
aid platform arc a (Ref. 6. 1 ). A tetrahedrai module consi.qs of three repeating tetrahedrons joined 
at a common apex. The upper and lower surfaces are formed with the addition of three members of 
identical length ilie upper module-surface plane is bordered by members which form a hexagon, 
and at the lower surface, the structural members form triangles. This basic module is repeated to 
develop required depth and platform area. 

The best candidate materials appear to he composites, which are advantageous in strength-ttvmas; 
ratio, adaptable to space construction, and can be designed to give low thermal expansion, thus 
reducing deformations during thennal cycling. 

The subanay structure, consisting of a face of rectangles, must mate with the tetrahedral truss in 
the secondary structure: the face of the sccondarv' structure on the other hand, is composed of 
equilateral triangles. For the twt« structures to match, the subarrav lenglh-to-width ratio must equal 
the cosine of 30®. This constraint affects waveguide, module a' ' subarrav sizing, as will be shown 
later. 

The module stnicuire is an integral part of the subarrav structure .ind as such mu,t provide for 
MFFS subsystem interfaces at the module level. 

6.4 THERMAL ANALYSIS 

6.4. 1 Themial .Analysis .Approach 

To provide a thennal control system f ' MPTS, an analysis of the operating thermal environment 
was dc' eloped. Thermal limitations of major system components were defined to provide adequate 
thermal controls. 
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The assumed temperature limits for materials and equipment operation ate given in Tabie 6-2. A 
desipt approach was developed for the collector (500®0 and the dc-dc converter ( 7(^1. 

6.4.2 Heat Sources 

The heat sources at the modules and their dissipating temperatures, shown in Table 6-.'. were used 
in the selection of thermal control equipment. The DC-DC converters, which release by far the 
ntost heat at low temperature, require large thermal radiators. 

6.4.3 Thermal Control Devices 

Heat can be carried to r idiators passively by heat pipes or actively in forced flow fluid liH>ps. Ref- 
erences 6.2 and 6.3 provide design data. Reliability is an advantage of heat pipes, which normally 
fail only from physical damage which breaks the pressure containment or fractures the capillary 
wick. Appropriate redundancy will ehe J properly designed heat pipe assembly an almost indefinite 
life. A copper rod substituted for a heat pipe would weigh a hundred times as much. 

Data used in sizing the heat pipes appears in Figures 6-2 and 6-3. alone with a specific example of a 

V _ ■* 

heal pipe/radiator. A heat transport rale of 150 watt* cm" was used for water and 5(K) watts cm“ 
for liquid metal. 

The heal pipe becomes inefficient for the long spacing K'tween the 70‘V dc-dc converters and their 
iow-temperature radiati rs. A trade study showed lh.at an active fluid-loop was better for this case 
in spite of a , ui.ips and , iilrol .alves which can fail, and fluid-comauil.ig pipe joints which must 
be opened when replacing components \ppropriate redundancy was incorporated into the con- 
figuration. and a heat flow of 1000 watts cm- was used for sizing pipes. (Fie. 0-4), 


.Active eorvling was also considered for klystrons (Fig. o-5). It was rejected because klystron tubes 
will probably I .ive to be replaced during the MTPS operating life, and having to break fluid connee- 
nons would certainiy co. plicate inaintenanee. Furthennore, the higli heat-rejection temperature 
makes the kKstron ; natural application for hcat-pipe-and-radiator ciH>ling. 

Thus passive I'lermal control clursen for the klystron modules, and active heal-tr.: isporl was chosen 
for dc-dc con^ . rters. 


6.5 RFFERENCt DESIGN CONFIGURATION 

Having an integration concept. « stnietural configuration, and a thermal control concep , we were 
able to develop a relerenee design eon figuration, fhe followiiig paragraphs vleseribe the referenee 
eontlguration and the scleetion proeesses involved. 
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TiM* 0-2 I AiUKiid LoMtalMHi Asnmpti«MB 


RLVSTfKJN: HC ‘ « tCT-. il 500<>C 

SOLf ;WIO AND CAVITIES 300<>C 

SOLID STATE CONTROL CIRCUITS 70% 

PONER DOT: DC OC CONVERTERS 70% 

UlSStfMi OESiGNEO TO THERMAL ENVIRONMENT 

STRUCTURES: COttfOSITE MATERIALS 

1. GRAPHITE-EPOXV 175% 

2. GRAPHITE-POLYMIOE 260% 


trt-ma 

Table 6-3. Waste Heat Sources 

SOUR^ LEVEL QUALITY 


A. KLYSTRON: 



11 

COLLECTOR 

8.0 KWAINIT 

M»% 


» 

CAVITY LOSSES 

3£ KW/UNIT 

300®C 


3) 

SOLENOID 

1.8 KWAtNIT 

K»% 

B. 

SOLID STATE CONTROL DEVICES 

10W/UNIT 

0-70% 

C 

RADIATING AND FEED WAVEGUIDE 

1.0 TO 9.1 KW ’SUBARRAY 

6125% 


O. POWER CONVERTERS 218 KW/UNIT 070% 
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Figure 6-2. Klystron Cavity & Solenoid Heat Kpe/Radiator 
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F^ute 6-4. Active Thermd Control for DC-DC Converter 



Figure o-5. Active Thermal Control for At . tenna Systems 
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6.5.1 Component Installation and Integration 

6.5. 1.1 Klystron Module 

The lowest integral element in the MPTS is the klystron module, composed of a klystron, its feed 
and radiating waveguides, thermal control, solid state driver and RF co.ttrol. power distribution, 
power return, and the support structure. Most of the module mass is in the klystron (Fig. 6-6). The 
mass estimate for the klystron appears in Table 6-4. The klystron input/output interfaces are sum- 
marized in Table 6-S. 

The high power density at the center of the beam is generated by 36 klystrons, each rated 70 kW, 
radiating RF from an area slightly larger than 1 10m". The 36 klystrons are organi.'ed into a 6 by 6 
matrix. At the edge of the 10 dB tapered antenna a subarray should have 3.60 klystrons. Since 
3.60 is not an integer number, each edge subarray would have either 4.0 or 3.0 klystrons, formed 
into a 2 by 2, 4 by 1. or 3 by 1 matrix. Matrix configurations were similarly established for each 
power density step in the taper 

The dimensions of the basic waveguide stick must not only meet the RF constraints, but also be 
suitable for the varying number of klystron modules within the subarrays. The following equations 
were developed and solved for the optimum waveguide dimensions: 

L = 60 Xg. where ( I ) 

L = leng’.h of the subarray waveguide stick 
Xg = guide wavelength 

60 is a number divisible by the integers 1 .2.3,4, 5 and 6 to give an integer quotient. 

This expression provides a waveguide length that can be segmented as required for the 
variable number of modules per subarray. Each stick can be an integer number of Xg 
long. 

^^=60ncos30° (2) 

^ - length to width ratio of the subarray 

30® - permits mounting the subarray on the equilateral triangular support provided by 
the secondary structure, 

60 - provides the integer division in the length :is stated previously, 

n - An integer multiple of 60, such that the width of the subarray can also be divided 
into several segments, n must be so chosen that there will be an even number of 
waveguide sticks within the module. For example, if n = 2.0. then 60n = 1 20, a 
number which is divisible by 1 ,2. 3,4, 5, and 6 with the quotient being an even 
integer. 
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Figure 6-6. 70 K.w Klystron 


Table 6-4. Klystron Mass Estimate 


ITEM 

MATERIAL 

PRINCIP.U DIMENSIONS (CM) 

MASS (kgl 

SOLENOID 

COPPER 

00= 11.4. ID = 7.6, L = 41.9 

16.4 

v;iRE 


(7S%OF SOLENOID VOLUME) 

16.0 

INSULATION 

ALUMINA 

(S^iOF SOLENOID VOLUME) 

0.4 

CAVITIES ASSEMBLY 

COPPER 

0 • 7.6, L = 41.9, Z • 0.95 

7.4 

POLE PIECES (2i 

IRON 

D - 15.2, d = 2.5, Z = 1.02 

2.8 

SOLENOID HOUSING 

•|EEL 

D - 12.7, L = 41.9, Z = 0.32 

4.2 

COLLECTOR PLATES 



4.6 

PLATE 1 (LWR) 

TUNGSTEN 

D = 15.2. d = 5.1. H - 0.8, t = 0.53 

1.7 

PLATE 2 

TUNGSTEN 

0 = 15.2, (1 = 5,1. H = 1.0, t = 0.30 

1.0 

PLATE 3 

TUNGSTEN 

D = 15.2, d = 5.1. H " 1..3, t = 0.15 

0.5 

PLATE 4 

TUNGSTEN 

D - 15 2. d = 5.1, H = 1.5, t = 0.03 

0.2 

PLATE S 

TUNGSTEN 

D= 15.2, d = 5.1, H= 1.3. t= 0 08 

0.2 

PLATE 6 (UPP) 

TUNGSTEN 

D = 15.2, d = 5.1, H * 2.0. t = 0.28 

1.0 

PROBE 

TUNGSTEN 

D = 2.5, d = 0. H = 3.8, t« 0.15 


COLLECTOR PLATE ISOLATOR 

ALUMINA 

00 » 18.J, ID = 15.2, H = 15.5, t - 1.22 

2.9 

COLLECTOR SECTION COVER 

STEEL 

D-20.3, H= 19.1,1 = 0.13 

2.0 

OTHER CO?4PONENTS: 



7.7 

REFOCU'’ING COIL, HEAT PIPES, 'l-VOLTAGE CEoAMIC SEALS, MODULATING 


ANODE CONNECTOR, CATHODE CONNECTOR. HEATER. OUTPUT WAVEGUIDES (2», 


VAC. ION CONNECTOR. CAVITY TUNING PROVISIONS, INTERNAL CABLING, 


ETC., AND ASSEMBLY AND INSTALLATION HARDWARE. 

(40 kg) 
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Table 6-5. Klystron Module Interfaces 


IK»ULATING ANODE 
BCM>Y ANODE 
CATHODE 
SOLEM>IO (MAIN) 

REFOCUSING COIL 

CtPRESSEO COLLECTOR (5-STAGES) 

RF-INPUT WITH PHASE CONTROL 


MAIN POWER DISTRIBUTION 


SOLID STATE CONTROL CIRCUITRY 


OUTPUTS 

RF-OUTPUT — TO RADIATING WAVEGUIDE 

am; SENSORS 
DIPLEXERS 
PHASE SENSORS 

WASTE HEAT FLU X — TO MODULE THERMAL CONTROL SYS 


— TO SOLID STATE CONTROL CIRCUITRY 
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This equation relates the guide wavelength to wa eguide stick width (Wg). 



W = External waveguide stick width 
Wg = Mean internal width of waveguide stick 
tj, = Conductive coating thicKness 

t^, = Waveguide wall thickness 

Wp = Bond width 

Choosing n=2.0 and reasonable dimensions for the wall and conductive coating thicknesses, a 
solution to the above equations yield: 

Wg = 9.0942 cm 

Xg = 16.547 cm 

W = 9.554 cm 

W subarray = 1 1 .464m 
L subarray = 9.928m 

A subarray. 1 20 waveguide sticks in width and 60 Xg long, can be powered 'ly from .5 to 36 kly- 
strons to approximate a Gaussian power density taper. 

The choice of waveguide stick cross section was based on two majoi factors, total mass and con- 
structability. The mass trade is in Figure 6-7. The lightest waveguide would be rectangular rathe • 
than trapezoidal, however constructability in space favers the trapezoid cio.>s section. Because of 
the required close tolerances and the resulting construction difficulty, the trapezoidal configuration 
was chosen. Had the waveguides been shipped intact, the rectangular configuration would have 
been chosen and the subarray size would have been different. 
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TRAPEZOIDAL WAVEGUIDE 



RECTANGULAR WAVEGUIDE 



STRUCTURAL MAT'L: GR-EP 8PLY 
CONDUCTING MAT'L: ALUMINUM (T ■= 6.67 


PER SUDARRAY 


trapezoidmL recta n gular 


MASS OF GR EP ; 
MASS OF ALUM.: 
MASS OF WAVEGUIDE 


Z34.5 KG 
9.3 KG 
243.8 KG 


204.7 KG 
9.3 KG 
214.0 KG 


UNASSEMDLED PACKING MASS DENSITY: 
WLUME OF ASSEMBLED WAVEGUIDE; 
ASSEMBLED PACKING MASS DENSITY; 
MASS/ANTENNA. 


1S6P.4 KG/m3 
6.97 m3 
35.0 KG/m3 
1690.0 MT 


1579.8 KG/m3 
6.92 m3 
M.P KG/m3 
1483.5 MT 


Figure 6-7. Waveguide Configuration Comparison 
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Three wae^ukle «»siuctivs coatings ‘^ciz traded «dth respect to coating thicknes. nas aiKl sys- 
tem hKSes 6^K The over two to one masi advant^ ot aluminum made up for its hi^cr 

loss, so ahuniman was chosen. 

6 .5. 1.1. 2 Thermal Control 

Using the rationale ui Section 6.4. and design techniques in Reference 6.2. heat pipes and radtat«ws 
ueie des^ned to dissfate klystnui loses. TIk heat pipe evaporators, an integral part of the kly- 
stnm. pkk up the wa^ heat for transfer to the r^iator tFig. 6-Sl. Table 6-^ shows the heal pipe 
and radiator mas«. The klystron thermal radiator has six sections, two small sections for the col- 
lects £m 1 the four lat)^r ones fOT the car ities ami solenoid. The colkctor section radiates at SGS'V 
and the cavity.'soknoid section at 


With permanent m^riet focusing for the klystron inste.^ of a s<4enoid. the section of the 

r»lial<w wTMild have one fewer ^etkm. .Also, the colkctor section ccniid run at 70(^^. reducing the 
collector radiators to forty percent of their present size. However, the system shown uses the 
theimal limitation asaimptions stated in Section 6.4 and is desiaied accordin^y. 

Even tlKMi|ii the thermal control remwes the heat rckased by module comiwnents. a iii^ tempera- 
ture stil! existed at module components such as solkl state control, power distribution buses, and 
composite materials in the structure and wavessides. .\ lower temperature environment for these 
crmiponcnts was provided simpiy by tsobting the hi^ temperature sections of the klystron and the 
back side of its thermal radbtor w ith thermal insubiion ( Table 6-S|. This measure is discussed fur- 
ther in Sectkin 6.4. 

6.5.1 .1 .3 Sofid Stale Cmitrol 

The solid state control must be so lovaied that its temperature will not exceed ~0®r. Its power 
supplies and sensors must be isolated friHii other equipment to avoid EMI. The best location to 
mount this device appears to K* on a klyszron-m*>liik which is isolated from a view of the thermal 
radiator by the klystron, but which has a vi< w of space for d’ sipating a small heal loss. 

6.5 . 1 . 1 .4 Power Distribution 

The klystron and its driver require power at several voliages. Power converters must K* easily 
installed and removed for maintenance. High-voltage electrical connections must be easily secured, 
end also diielded to prevent shorts by drifting objects. The main supports for the pewer distribu- 
tion bu^s are provided in the subarray stniclure. with cables carry ing power to the klystron 
modules. 
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OBBITV: 

TMCKNFSS FOR 4 SKM omN& 

AREA FLATEO/SUfUMUV; 

VQLtRK OF COATWO/SUOAMIAV: 

MASSOF COATmoauRARRAV: 

MASS OF COATING^AMTENRA: 

COMPARATIVE LOSSES 

VER MtaSTICKI: 


ALUMINUM 

UR ecM> 
«AT» M 
SRiXM^CMl 
24SX mPcm3 
AM KG 
4UMT 

■LSTS 


COPPER 

ANGXRP 

SlSiiM 

SAME 

1JSXMi>CM3 
ITS KG 
UZ.7MT 

OlSOX 


MtVER 

M. 4 tGJCa^ 

S. 1 »kM 

SAME 

1S2X le^CM^ 
XL! KG 
M02MT 

a3Mlt 


2-COllECTOR RADIATORS a2«6 MX 1. KM ICXimm 
4 CAVITY AMO SOLENOiU RADIATORS U^n>3M X 171 M (ALUMINUM) 



1.71 M 




Fipoir 6-8. Typ. Modult Thmiul Rjdiator 
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Table 6-7. Klystroa Thermal Cootrol 


CAVtTV MB S(M.EK!0(0 SECT.ON; 

300“C 

HEAT TYPE - 1 KCiM 

WORKING FLUID h, 
ai^TP^S -^ IJMIKWEM^H 
RADIATOR - ALtmUNUM 

- THICKNf SS - on CM 

- AREA - 0l432 EACH 
MASS (EACH) « 3.18 KG 

CmLECTOa KCTKM: 

1 

500% 

HEAT PM TYPE - 1 KG/U 

DKTRKIftB fluid - 
2 HEAT PIPES ' 4 0 KW EACH 
RAD1A10R - COPPER 

THICKNESS <0.1^ CM 
AREA* 0.408 U^FACh j 
MASS (EACH) * 3.03 KG | 

1 

HASS/KLVSTRC»J • 185 KG 

Table 66. 

Themud liKBfaition 

OJHaONfNTS; 

TYPE. 

«W»C 

COLLECTOR SECTION 
(RiURATOR & KLYSTRON) 

91AYCRMULTIFOIL iZtO SPACER) 

6 LAVER KAPTON ((JUARTZ NET SPACER) 

300<H: 

CAVITY a SOU N0!0 
(RADIATOR & KLYSTRON) 

- 15 LAYER KAPTON (QUARTZ NET SPACER) 

WAVEGUIDES 

- 10 LAYER KAPTON (QUARTZ NET SPACER) 


MASS/ MODULE 


2.S0KC 
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ft.S.t.1.5 MoMe&fMdMC 

The module structure b intepil with the ITieam “e^<rite" subi^ -ny structure. This arrangement 
meets the major des^ dris'ers of S^'tion 6.2 and is superior to ai'emates with respect to both space 

construction and tranq^torl. 

6 J. 1.1.6 InWfntion 

Future 6-9 shows an intefrated klystron module si/ed lor instailalton near the center of the antenna 
The length of the wavegunlc supplied by one klystron depends on the number of modules per sub- 
array. Tb"* quantu'ation steps which define the number of modules per subarrav for tire reference 
csontigvuation are described in ^'timn 6,4. 

6.5. 1.2 Sohairav 

For the study, the subarray was iTro^n as the LRU. The str\ictute suppssrtrng the klystron is 
designed to accept the variable number of modules per subarray necessary for output tapering. An 
integrated subarray for the Urwest ptrwer density is illustrated m Figurc o-lO This struclural cv'n* 
figuration rfiow^ where the module components are kx'at *d and how the integral structure was 
achieved. The same basic approach was used to lav out a subarrav structures ami compsment Uxa- 
tions for other power deasilies, 

6.5. 1 .3 Secondary Structure 


The spasofenna secondary slnicture supporting the subarrays is a tetrahedral planar truss, a nuxtulc 
of which IS shown m Figure o-l I with subarrays installed The mmluk’s may K- guilt up in a planar 
fashion to foini ihe planar radiating face of the antenna (Ref o.l > 

Si\iy-tiiu' of the hev.igon smictiirai cells shown in ITgure o-l 1 arc arranged in five rings to fonn the 
complete secsvndary structure 


Ibe siiharray dimensions sif ‘*.‘f2Sm by 1 1 4o4iii set the si-coiular. structural ineniber length of 
1 1 .4o4ni Lliese members form equilateral triangles w uh a base of I 1 ,4o4ni and a height of ‘V^^.sni 
which will provide three support points for each subarrav The secondary ttUHiiile is supported at 
three points by the pnniary structure, The members of the secondary structua' wen* si/cd and 
weighed on the basis of using graphite e|Hny composite material .iiid L p ot 2lXT 

6.5 . 1 4 Primary Structure 

Hie sp.icetciiiia primary strueUin* is also a tetr.ihedr.il planar truss and gives depth to the .intenna 
tor siittiK’vs and stability . It suppsvrts the secoiulaiy strucliin'. power distribution buses, pv'vver 
conditioniiigequipiiicnt, thennal coiursvl eomponents and aiitciin.i yoke attaeliment. 
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F%ui<e 6-9. Inflated Kly^ion Module 
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ARRAY hK)OULE 

Figure 6-1 1 . Secondary Tiuss-Module (Subarrays Shown) 
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The same structural design criteria used for the secondary structure led ic the use of a fiV', -meter 
beam in the primarj' structure. The length of the primar>- structure members was established by the 
requirement for supporting each hexagonal secondary' structural module at three points. The pri- 
mary structure is also made from graphite epoxy for reasons stated previously. The primary struc- 
ture with secondary modules installed is shown in Figure 6-12. 

The DC'-DC converters and their thermal control are located on the back surface of the primary' 
structure as shown in Figure 6-13. The required number and location of the power converters 
determine how many converters are located at each of the primary structural nodes (Sec. 5.0). A 
typical structural mode with eight DC-DC converters is also shown. An active thermal control w'ith 
built-in redundancy is required for the DC-DC converters. Such a sy stem, sized in Section 6.4. is 
included in the mass statement of Section 6.5.4. 

Distribution busses carry power from the rotary joint to the DC-DC converters and on to the sub- 
arrays and the klystron modules. The busses from the conveners to the subarray run along primary' 
and secondary structural members. 

The calculated total mass of the MPTS structural components is less than five percent of the system 
mass. This stmetua*. which meets all the design constraints, can be further optimized by removing 
the outer tetrahedral ring t Ref. 6. 1 ) from the primary' structure. This will reduce the mass of the 
primary' structure and slightly increase the first mode frequency of the system. 

6.5 . 1 .5 Alternate Structures 

A completely different structural approach, developed by J C. Jones. NAS.A JSC (Ref. (n5), is 
shown in Figure 6-14. This type of structure is optimized for space fabrication by continuous-beam 
building macliines. Since antenna loads are small there is little need to use oplimum beam cross- 
sections. The stmeture is a small fraction of the MPTS mass. ,so even though this alternate struc- 
tural arrangement may have to be slightly heavier to meet the stiffness and thermal-deformation 
requirements, its impact on overall MPTS nuiss will probably be insignificant. 

The alternate structure interfaces better at the subarray. Waveguides would have to be resized and 
the power density steps for achieving power taper would have to be recomputed in evaluating fully 
this alternate structure. 

6.5.2 Power IJensity Quantization 

The actual integrated power density taper of the reference design was determined by evaluating all 
possible numbers of modules per subarray . 
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ANTENNA MOUNTED ON V AXIS 
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misM 



BRUSHES/SLIP RING 
Figure 6-14. MPTS Alternate Configuration 
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lb achieve an approximate 10 dB power density taper on the MPTS, the relation of power density 
levels as a function of antenna radius was: 

~ = ,-2.302(p/a)2 
o 

P = Power density at the radius being investigated 
pQ = Power density at the center of the RF beam 
p = Radius at which power density is being evaluated 
a = Radius of antenna 


Since there are only certain unique power densities available, due to the finite numbers of klystron 
modules per subarray, another set of relationships were used to better approximate a true Gaussian 
power taper: 



ppi - radius at which the pow’er density being investigated will horizontally intercept the gaus- 
sian curve. 

p^, - radius that the power density being investigated will vertically intercept the gaussian 
curve. 

Pjj - power density being investigated at step n. 

Pj^+ j - power density at the previous step, n+1 . 


Computation of the possible number of modules per subarray, the respective power densities, hori- 
zontal and vertical intercepts was then accomplished and tabulated: 


Step No. 

Number of Klystron 
Mod ules/Su barray 

RF Power Density 
(KW/M2) 


^nD 

1 

36 

22.14 

0 

97.2 


30 

18.45 

140.7 

176.8 

3 

24 

14.76 

209.8 

23 1 .3 

4 

20 

12.30 

252.7 

274.4 

5 

16 

9.84 

296.8 

320.3 

6 

12 

7.38 

345.4 

365.8 

7 

9 

5,54 

387.9 

395.9 

8 

8 

4.92 

404.2 

421.7 

9 

6 

3.69 

441.1 

463.0 

10 

4 

2.46 

488.5 

500.0 
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A complete integration of these parameters was accomplished on the MPTS array. Figure 6-1 5 
^ows a representative quarter of the array subdivided into steps that approximate a gaussian power 
taper with the power density levels available. This configuration delivers 5 x (10)^ watts to the 
power grid from the ground station, based on the beam and conversion efficiencies reported in Part 
I of this study. 

6.5.3 Overall MPTS Characteristics 

The MPTS can be characterized in terms of the microwave beam quality described in Section 2, 
thermal environment, thermally induced deformations, input power required, RF power output, 
size, and mass. 

ITje thermal environment in the MPTS was analyzed using the heat coming from the klystrons, dc- 
to-dc converters and the variable heating sunlight. Figures 6-16 and 6-1 7 show the temperature of 
the antenna surface and other components, both with the sun on the RF radiating face and the sun 
on the back side of the antenna. The maximum temperatures are well within limitations assumed in 
Section 6.3. 

Slope induced on the array face by the structure heating must be less than three arc minutes. 
Thermally induced deformations of the MPTS structure were predicted with a two module ring sec- 
tion, using Boeing IR&D data. The results of the calculation showed a maximum slope of six arc 
seconds. Extrapolating that data to estimate the total slope on the antenna face leads to a total 
slope of less than three arc minutes. Further work is needed before an overall antenna slope and 
deformation can be predicted accurately. 

The rotary joint supplies to the MPTS 8.22 x 10^ watts to generate 6.78 x 10^ watts fo RF radiated 
from the array. The earth receiving station delivers 5x10*^ watts to the power grid. Uncertainty 
analysis of system efficiencies and effect of tolerances will refine these values. 

Tlie physical size of MPTS is put in better perspective in Figure 6-18. along with the quantity and 
characteristics of its major components. 

6.5.4 MPTS Mass Estimate 

The mass of components was calculated and combined into major subsystems for the reference 
MPTS in Table 6-9. These are compared with NASA/JSC mass estimates in Table 6-10. The major 
mass drivers are the klystrons, thermal control systems, and power distribution. Mass and cost of 
the MPTS, by WBS elements, are summarized in Table 6-1 1 . 
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Figure 6-16. Antenna Temperature Profile ( Sun On The Front ) 



Figure 6-17, Antenna Temperature Profile (Sun On The Back) 
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SUBMHtAVS «nZ 

WTVPES 


CMA«*CTEWISTICS 
tSiLMCt LENGTHS 
11 j«4U LENGTHS 

11.4MMX9^2BM 

rONERTAKR 


KLYSTRONS 


aCOSBTUOES TOKWEACH 


Fk)He6-l8. Keiawiice S tmcf ia iCl ii i s rSniiti cs 

«»IW 


T«Me6^. Refere w c c .\rIcrri M s» Estmurte 


1 CXMTONENT 

MASSOKT] 

PRIMARY STRUCTURE 


- S23 

SECONDARY STRUCTURE 


- 197.5 

POWER OtSIRlBUITON 


-2494.1 

RF GENERATION AND DtSTRIBUTION 


94300 

KLYSTRONS 

-4669 


. THERMAL CONTROL 

-2093 


WAVEGUIDES 

- 1724 


DISTRIBUTION AND CONTROL 

- S21 


SUBARRAY STRUCTURE 

- 433 



12,174 MT/ANTENNA 
24,348 Ml /SATELLITE 
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TMe6-IO. MFTSilMt C o rny MMow 

JCSHOtMNALCASC CMHICMT RLFERCNCE 

MAS&iMTt 


nOMARY STRUCTURE 

3K 

105 

SCOOMMWV STRUCTMK 

S« 

3K 

MNAMUV s. tujentm 

300 

000 

TNCMIAL OOMmOL |KLVSTROM« 

23 

4W0 

MKwuncM. svsms 

30 

OBI 

MOTARVJOMfT 

C3S 

04 

KNNTOiG CONTROL 

100 

fMOl 

FOMCR OIST. M/TMERMAL CONTROL} 

107 

8000 

PNASEOONTfKN. 

350 

05« 

MKROWAVE GENERATORS 

m/SMJD STATE CONTROL) 

000. 

Mmo 

MAVEGtNOES 

4002 

3447 

TOTAL MASS Rm 

15^1 

H020 


TaMr6-ll. MPTS Mas and Cost Estmair 


MASS IHTI COST 1$ >10*1 


101.01^ 

MTTS 

12.749 

1004J9 

IjOI 01.04.00 

COMMON 

3.326 

350.99 

1jOI.Ot.04.00.OQ 

STRUCTURE 

2sao 

1X7 

IjOIjOI.04 00.01 

CONTROLS 

PSO) 

157J5 

lJ0t.01.Ot.004>2 

rORER OIST. 

26S(*TM}) 

144.7 

tiMjn.0t.«L03 

OCMTU/OATA 

(100) 

44J0 

1j01j0I.O4.01 

TVre 1 SU3ARRAY 

833.1 

59.1 

liMLn.04.02 

TYPE 2 SUSARRAY 

1.506.3 

107JO 

1j01.01.04.03 

TYPE 3 SUGARRAY 

1.305.0 

91.6 

1J01 .01 .04.04 

TYPE 4 SUOARRAY 

1.122.2 

77.4 

ijoixtt^.as 

TYPE S SUSARRAY 

1.151.1 

29.1 

1j01j01.04.06 

TYPE 6 SUBARRAY 

1.042.9 

70.9 

1j01.01.04.07 

TYPE 7 SUSARRAY 

613A 

4QJ 

1i>t.01.04.08 

TYPE a SU8ARRAV 

507.7 


1j01.0t.04.i» 

TYPE 9 SUSARRAY 

7S9U9 

^ajs 

lj01.0liM.10 

TYPE lOSIffiARRAY 

581.2 

36j6 

FOR too GR, 2 ANTENNAS. 

25408 MT 

S»I06.6(10*) 
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b.h 

The relVreiiiV MPTS cunfi^urjlion that from this study illustrates twu imiHsrtani points 

( I > The MPTS impas-ts sutnitWautly on the mass. ctst. and eomplcxity oi the s»slar ps'wer vilelSite. 
anu (.'» an integrated MPTS can he desrimed without .'ceding hieakthiasughs or new teehnologv 

The referens'e MPTS in this seelkm is not the only workable configuration hut it repasents inte- 
grated approach useaMe in trade studies leading to a final MPTS (\>inponent and system selections 
wen.' accssmplished by mininming system mass and compleMty . hut further opfimuatton is iHyssihle 
anu should he earned •ml 


The areas ir the StPTS contiguration that need to K* asldtcssej in greater detail to establish a more 
cmnplete inteiaated system are: ilia more complete ihennal anah^s considenng thermal delonna- 
tic*ns.('i vibrational imnle analysis. i i peunting and attitude control, and ( 4 i the construction 
maintenance scenanos which establish the most elTicwnt LRT ot' the system. 

The th-'»rnal analy sis shmild he havd on a sy stem ni«>dcl I'aal is sotTicienlly detailed to pernnt pre- 
diction ol the thermal transients that sveur during seasonal vartations, and the computation i>t 
s'nictiiral deformations cau^d h\ the Ihentral transient This would aid in identify tug elementN 
that would rsH]uire adjustments or design features that comi'cnsatc for ihennally induced 
defomiations 

1 he dy nainic .inalysis oi the reference configuration will provide data Un developing compatible 
attitude and pssinting-sontrols, which can he evaluated lor their impact on MPTS mass .ind 
jH-rlormance 


Ihc lhcnn.'C caalysis. dynaimc analyse .ind more compreheiiMve coiiNtruction m.imien.mcc 
scenarios wo»;!.l Ic.id to .1 more complete evaluation ol the s\ stem I RT Tor Iho p.irt »m the Ntudy . 
the siiharray w.in choM:n, somewhat athilranly . for the system I RT A klyMron nuxlule .is the 
I RT. lUuNtrated m I sgmc is .111 altenutc that noedN to he evaluated 

I j.tlv . the VIMS \tniclurjl contiguration proposed by J T .lones ot N,VS \ .ISt. leqmres liinhcr 
analysis and elahorat .m to a depth eomp.Mihle with that done m Part II ot this study 
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6.7 MPTS EFFICIENCY BUDGET 


The MPTS end-to-end efficiency chain is a critical parameter in the overall practicality and cost- 
effectiveness of the SPS. The elements of this chain are listed in Table t>-l 2 along with estimates of 
their associated minimum and maximum boundary values. This section summarizes the rationale on 
which these values are based and derives a nominal value of the MPTS efficiency chain as 5b.3' c 
with a worst case value of 41. and a maximum value of b8.3'T These are derived on the basis ot 
previous N.ASA-JSC worit and estimates from sections referred to in this report. They are grouped 
into (6.7.1 1 Spacebome power distribution losses, t6.7.2> RF conversion and distribution losses. 
(6,7.3) Antenna Array losses and transmission medium losses, and 1 6.6.4 i ground based reception 
and distribution losses. Section 6.7.5 discusses the effect of component failures. 

6.7. 1 Space Power Distribution Losses 

Essential to the SPS is transfer of power across the rotary Joint that couples the sun-facing power 
source to the earth-oriented spacetenna. The candidates considered were the power clamp, rotary 
transtormers, and slip rings. The slip ring is the simplest, lightest and has a ..ominal efficiency 
approaching 100^?. This value has been selected with the understanding that as with many other 
components in the MPTS. the 30 year life and performance must yet be demonstrated. 

The spacetenna power distribution and processing efficiency loss is shown in Table 6- 1 .> as derived 
from Section 5.2.6. The power distribution data resulted from a mass and efficiency optimi/ation 
of flat and circular aluminum conductors and power conditioning equipment and included con- 
sideration of an optimized distnbution system to the various elements of the high efficiency 
klystron design, with about 85'^ of the power in an unprocessed form. 

6.7.2 RF Conversion and Distribution Losses 

Klystron conversion efficiency estimates discussed in Section 4.2 range from SO', to 87'r. Opti- 
mization of electronic cfficiencv . eireuit efficieiuy. and collector energy recovers . Although it is 
relatively easy to increase the overall efficiency from 50 to 65'/ using a 3-stagi* depressed collector 
energy recovery of about 70'V. the task of obtaining an 85^; efficient klystron will likely require the 
use of a 5-stage collector. With an undepressed efficiency of 74'; and a collector recovery of 50 /. 
a net elfieiency of 85'r would be realized. The design parameters for the 70 kW klystron support 
this estimate as show n in Table 4.4, 


I he W aveguide !-R loss w as computed on the basis of an average waveguide length (2.76 meters) 
and a geometry utilizing a dual power output for Ihe klystron. The ealeulated 1-R loss of 1 .57 
refers to Ihe dissipative power loss component associated with an aliimiiuini plated composite wave- 
jaiide having the selectetl internal dimensions of 6.0‘> cm x cm. rhernial distortions over the 
expected temperature ranges wea- found to be negligible. The plating thickness of less than 5 skin 
depths was useil in the mass estimate, and the loss uniformity with this plate thickness need to be 
verified experimentally. 
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Table 6-lZ MPTS Efficiency dun 


SECTICm 

EFFICIENCY ITEM 

NOMINAL 

MINIMUM 

MAXIMUM 

6.6.1 

ROTARY JOINT 

1.0 

1.0 

1.0 


POWER OISTRIBUTICm AND PROCESSING 

.97 

.96 

.96 

6.6.2 

DC RT CONVERSION 

.85 


.86 


WAVEGUIDE |2r 

.985 

.985 

.9K 

6.6.3 

IDEAL BEAM 

.965 

.965 

.99 


INTER SUBARRAY 

.956 

.88 

.97 


INTRA-SUBARRAY 

.981 

.97 

.99 


ATMOSPHERIC AB^RPTION 

.98 

.96 

.98 

6.6.4 

BEAM INTERCEPT 

.95 

.90 

.98 


REC'i'ENNA RF-DC 

•0^0 

.79 

.92 


GRID INTERFACING 

.97 

.96 

.98 


MPTS TOTAL 

.563 

.412 

.683 


Tride6-13. Space ten na Power Distrfcution and Proce ssa ^ Loss 



I^R LOSS (WATTS! 

%LOSS 

ROTARY XJINTTO 
POWER SECTOR CONTROL 

145.453.^ 

1.74 

SECTOR CONTROL TO 
SUB ARRAYS 

49.903.520 

0.60 

SECTOR CONTROL 
DC/DC CONVERTERS 
AND SWITCHGEAR 

49,644,720 

D59 

SUBARRAY WIRING 
(INSULATION INCL.) 

4,774.760 

.06 

TOTAL 

249.776.890 

2.99 
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6.7.3 Antenna .Amy Losas 

The ideal beam efficiency tor the circular <ipacclcniu ttcomcm was calculated nuinericativ i>ii 
Bering's computer system as described in Section 2,.?. I . The ideal K'atn cf tlcicncv ' .ilue I'l ‘>(» .s 
is the percentajte of energy contained in the mam beam of the fai field energy ilistributiou. relative 
to the total power radiated, for a continuous lOdB fiaussian t.i|H.'i. 

Inter-subarray etTects were evaluated using a modified version of the NASA JSC "Bigmain" com- 
puter program. This program luimencally integrates contributions from .dl sub.irra\> to obtain 
beam patterns, total power, and efficiencies. The 4.4 > ksss is based on a (Jaiissian phasi- error w ith 
a standard deviatu'u of 10 dega'es and Gaussian amplitude error with a siatulatd devi.itum of * I vlB. 
No failures were inclu icd. The above loss is independent of subarray si/e. 

I mra- Subarray losses wca- evaluated on the basis of assumed mecluinical errors within the 'ubarrays 
as descnlvd in Section 2.2.3. 

Besaiise of inanufactiiring tolerances and thermal distortions, waveguide si/c .is well .is slot sh.i|v 
and position will be displaced from nominal values. These d!inen'>ion.il ch.mges will pioduce 
unwanted scattering and impedatKC niisniatch resulting in a reduction in efficiency , I .ictors affect- 
ing the losses in the subarrays were studied for a set of given inamit icturmg and control toiennees 
and are summan/ed in tabic 2-1 fhesi- were found to piiHluce non-dissip.itive pmver K*sses totaling 
1 .87 1 . A number of fuciors including tolerance in the feeder guide from tire kly -.irons and beam 
siiuint vine to stick errors were found to produce negligible power losses 

Vtmospheri. absorption at 2.4.s fill/ is listed m fable at a value of 2 as pa-viously derived 
from NAS.V.ISC istimates tJ5K'-l ISbSf I’olan/atioii losses due to I ar.iday rotation have not been 
evaluated m this study and are ludged to be low eseept perhaps during sevete solar siinin aelivity 

6.7.4 Ground Basetl Rea'plion and Distribution Lova-s 

1 he elements m this group mehule rceteirna siting for cost elfeetive ei>lleeiion. reetenna eonveiMon 
eifk'ienev and power giu) interface losses. The effieieney eliain up to this point inehuK's all the 
radiated power m the main beam. 1 he beam intercept effieieney is defineil as that portion of the 
main Kmiii energy eapliirv'd by the reetenna due to its finite m/c In our study , this vv.is taken .is 
, since m our preliminary optinn/.itioii it was found that the large leeteima si/e merement 
leqmied to c.ipliire the rem.iining energy at a decie.ising eomersion elTiciency o mn cost effective, 
further refinement m this figure m.iy slightly change its exact value 
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The RF-to-DC conversion efficiency of the dipole-fed GaAs rectifiers was derived by numerical 
integration of measured and projected efficiency values, with receiver element efficiency vary ing as 
a function of incident intensity. The current reference value is probably sli^tly pessimistic for two 
reasons; < I ) the average was based on a receiver filling the entire main beam. The cost-optimized 
receiver does not intercept the low-intensity outer part of the beam and its average intensity sliould 
be slightly greater; (2) recent projections by Raytheon and JPL indicate slightly higher element 
efficiencies. 

However, these projected values, particularly at low incident r.f. density assume r.f. combining 
techniques and GaAs improvements which need to verified experimentally. 

The grid interface efficiency of 97'? b the combination of a 2'f lo^ for the solid state power condi- 
tioning processors required to feed the d.c. power into the grid and a V/i loss for power distribu- 
tion. These values are a topic of further verification in the current SPS Phase 111 study. 

6.7.5 Effect of Failures 

Clearly, component and subsystem failures will further reduce the end-to-end efficiency indicated in 
Table 6-12. The detailed nature of the effects of different types of MPTS failures is beyond the 
scope of the pie»;nt study. However, some comments on r.f. transmitter failures can be made. For 
example, with the choice of dc-dc power converter size, supplying an averap; of 420 klystrons, the 
effect of one converter failure was evaluated in Section 2.4.1 . The results in Figure 2-30 indicate 
that, on the average, the total collected power reduction is 0.91';. composed not only of the 
reduced transmitter power ) but also the reduced beam antenna efficiency (0.48';i as deter- 

mined by the "Bigmain" computer comparison. This is also accompanied by a slight increast; in 
sidelobe level of 0.4 to 0.5 db. 

In some previous analyses, a criteria of allowable subarray failure was staled as 2’'. If these 
are distributed randomly, resulting in a random thinning of the array, the reduction in end-to-end 
efficiency would approach 4''. composed of the reduction in antenna gain of 2'; (proportional 
to the area loss, to first order) and a reduction in transmitted power of 2'? on the average. I f tlie 
lowest replaceable unit (LRU) is selected at the klystron level, and individual klystrons are identi- 
fied as failures, somewhat different results can be expected. It is of interest to note that data 
in Figure 2-30 can be extrapolated to indicated that if 2^? of subarrays all fail in the center, a beam 
efficiency reduction of rouglily 6'? can be expected whereas if 2'^r of subarrays fail at the periphery, 
only a 1% reduction in efficiency occurs. Tlrcse values must again be augmented by the additional 
r.f. power loss. An indepth analysis of the various types of system failure will be a subject of con- 
tinuing studies. 
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7.0 RECOMMENDATIONS 

Although a workable integrated baseline configuration has been sized, costed, and optimized for a 
5 GW output per antenna at the tentatively selected industrial band (2.45 GHz) frequency, there are 
a number of additional finite analytical and small-scale laboratory fades which have been defined, 
whose output would further reduce uncertainty and provide answers tc important current issues. 
These are categorized as follows: 

7. 1 Baseline Design Refinemoite 

7.2 Elaboratiem of Groimd Based MPTS Element 

7.3 ^temate Design Factors 

Ihe effort contains fades for bodi mar term and oi^ii% work. 

7.1 BASELINE DESIGN REFINEMENTS 

The sug^sted tasks ate designed to further reduce tisk and to supply information which would 
asdst in go/no go decisions. The laboratory tasks include a measurement program on subarray ele- 
ments to answer questions relating to interference, long life, and critical element design. These 
include; 

• Measurement of higher order modes of the slotted waveguide configuration to determine 
capability of the array to suppress radiation of harmonics or of noise at some distance awa^’ 
from the carrier. 

• A laboratory program for the design of a cross guide feed configuration meeting klystron 
VSWR requirements and subarray waveguide stick matching requirements. 

To arrive at a workable analytical reliability model of the r.f. transmitter further work is required. 

As a start, an updating of current life experience on thermionic and cold cathode tube types as 
derived from industry and DoD sources should be undertaken. Various cathode type options which 
have potentially long life need to be further explored with industry. This will include identification 
of problem areas in ground testing, cathode interfaces with other materials in the tube envelope and 
life test results which will ultimately lead to a better reliability model of the transmitter. In con- 
junction with the thermal behavior of the spacetenna as a whole, an improved thermal model under 
eclipse conditions is needed to further refine predictable deformations and their effects on array 
efficiency and sideiobe distribution. 

From the microwave environment point of view, further answers on the behavior of far out side- 
lobes is needed, particularly in a multi-SPS configuration. The antenna pattern analysis computer 
program adapted from NASA/JSC, with some modifications, is able to examine far out sideiobe 
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behavKM' ^ a function of phase control precision, transmitter failures, illumination taper and taper 
quantization. Means of minimizing far (Hit sidelote intensity should be determined and these means 
reflected as pc^bk design requirements on the system. 

To bring the phase control system up to the level of definition of the rest of the MPTS, the require- 
ment on bkam steering due to pilot frequency offset to eliminate squint, should be further 
examined. Alternatively, a trade study to determine the requirements on the antenna stabilization 
system in conjunction with feasible diplexer desi^ sh(Hild be undertaken. 

Tite RFI environment of the SPS has yet to be evaluated. The main contributors in this area are 
traianitter noise and harmonics. The status of transmitter assessment is far en<Migh along to enable 
a detafled d^criptitm of devek>|Mnent specilications for a klystron manufacturer. Although some 
data on AM/PM norie near the carrier of klystrons and CFA’s is available more relevant values are 
needed fcH' the actual operating conditicms and circuit configuration of the transmitter. From 
ttm starting p<^t. data could be evolved giving estimates of potential interference levels in the 
vicinity of the microwave beam. 

7.2 ELABORATION OF GROUND BASED MPTS ELEMENTS 

Certain tasks are recommended related to the optimization of rectenna characteristics which 
received little attention in the current SPS study. An investigation of baseline dipole spacing and 
some specific alternatives to the reference design arc suggested in order to reduce overall number of 
rectifier elements, allowing higher efficiency and lower cost. 

An analytical determination of rectenna efficiency as a function of element spacing should be 
undertaken leading to an overall optimal spacing based on total system cost. An analytic investiga- 
tion of non^ieam-normal rectenna configurations should be conducted together with a design 
approach that would lead to an efficient planar horizontal rectenna. A conceptual design for a cost- 
effective rectenna power collection, distribution, processing and grid-interfacing system w'ould be 
desirable from this work as a separate task. The “BIGMAIN" JSC Program could be modified to 
analyze the case of the elliptical rectenna. 

7J ALTERNATE DESIGN FACTORS 

In view of possible proliferation of SPS's in various geographic locations, operation at other fre- 
quencies may be feasible and desirable. The next higher industrial band at S.8 GHz is particularly 
suitable in areas of relatively low rainfall. An integrated design definition should be developed for a 
transmission system operating at 5.8 GHz. This development will include selection of power level, 
spairetenna and rectenna size, and development of comparative data for all elements of the trans- 
mission efficiency chain, with particular attention to: 
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• Klystron efficiency and power rating 

• Distiibution and radiation waveguide contributions to phase error and other losses 

• Pha« control errors 

• Atmospheric absorption including weather 

• Rectenna efficiency, based on availalde or estimated as diode efficiency 
t 'os^ ccMuparison d^ta should be developed which will include: 

• Efficiency and size effects on total cost 

• Rectenna size and parts count 

• Transmitter differences 

Current analyses of alternate candidates have identified some promising features of end fire arrays 
and of the "enhanced” slot as a means to contrd mutual coupling, i.e., lower sidclobe level and 
higher efficiency. Although the simple slotted waveguide still emerges as the most viable candidate, 
further analytical effort (prior to lahoratoiy tests which require perliaps 30 elements or more) 
would prov ide a better data base on which to recommend further action. Tliese include variation of 
element spacing, assessment of weight and ease of constniction. and better estimates of radiation 
efficiency. 

Evaluation of alternate radiating elements for both the rectenna and spaceborne antenna should be 
extended to include analysis of edge effect a*duction through the use of enhanced slot elements, 
and element number reduction through the use of end fire radiators. 

The above tasks vviil further the SPS indepth technology uniierstaiuiing to a point where some 
major steps for ground testing can be initiated, and from which planning for initial space cv aluation 
may lx- pursued. The steps along which these cmild proceed arc indicated in the fiow eli.irt v>f 
Figure 7-1. the elaboration of which is recommended tor further study. Even prior to full scale 
testing, a number of aspects of beam shaping, open envelope testing of the transmitter, and iono- 
spheric interactions mouiton.'d from a nearby spaceborne platform could be tested. Sviiiie paiuin- 
eters suitable for shuttle tests have been defined in Eig. 7- 1 , 
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A. I KLYSTRON FAILURE MODES AND OPEN CONSTRUCTION 

Certain types of klystron failure modes would be affected by the use of open construction. In some 
cases the failure mode may be eliminated: in others, some of the adverse effects may be mitigated. 
Possible failure modes that may be considered are: 

Loss of vacuum 
Internal outgassing 
Leaks 

Ceramic fractures 
Insulator leakage 
Cathode emission 
Miscelianeous 

Loss of Vacuum 

The known desirable range of vacuum in microwave klystrons is roughly 10'^ to 10'^® Torr It 
seems likely that higher vacuum than 10'^® would be beneficial, but there is no actual experience to 
validate this idea. .At lO"^ Torr, poisoning effects on oxide or matrix cathodes become noticeable. 
At I0“* Torr, arcing betw'een electrodes may occur, and at lO"'. failure is generally inmiincnt. 
These figures may vary at least an order of magnitude from one tube type to anothei they are 
cjuoted only as a rough scale of orders. 

O 

Good industrial practice requires vacuum of the order of 10 Torr at hakeout temperatures o* 400 
to 650^ C. falling to 10' ‘ Torr at room temperatuie. During processing and aging the pressure may 
rise temporarily to 10 Torr. but shoi;ld settle down in the 10' to 10"' Torr region for a good, 
fully-processed tube This level should be maintained throughoui the life of the tube, gencraily 
with the aid of an ion pump in larger tulvs. 

Lven when the pressure is kept more or loss constant, the vacuum is not a static .i.'fair but is hig , 
dynamic. Molecules which constitute the gas at any instant are continually moving from one part 
of the tube to anothei ; ab.sorbcd. retained, ami re-evaporated under vary ing electrical conditions. 

In terrestrial service, vacuum may be degraded or lost from several causes. 

Internal Outgassing 

Internal outgassing may occur because of parts reaching . ig' temperatures than in processing, or 
to material porosity allowing migration from deep reservoirs •' from enclosed pockets, ‘virtual 
leaks." No tube part is ever fully degassed ( Langmuir estimator that to remove the last monolay cr 
of oxygen from tungsten would require 1 year at 1500^0. Because of the dynamic nature of the 
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vacisum. gas driven from areas under ekctrun bombardment may Kcinnulate in »lj&xnt areas. 
Then a<A^K of <H>eiatiag comfitioK may s^ft the area of bombardment to tiKse areas and cai^ 
a rapid release of this gas. possibly to a level sufficient to cause arcing or other undesirable effects. 
Whenever a tube is slmt down, shnilar redritrdtutions of gas occur, manifesting themselves as tempo- 
rary performance anomalies on startup. Thus, degassing effects can extend far into the life of the 
tube and c»not be thot^t of shnidy as a quari-statk gas content decreasing with time. 

Opening the tube emeh^ at synchronous altitwk will piev^t gas pressures from buikling up to 
the harmful levels which would ultimately cause tube failure Removal of larger areas of the enve- 
lope win smooth out die burris of gas called by changes in operating conditkms. Thus the use of 
the vacuum properties of space wu alleviate the effects of outgassing. They will not. however, 
ebnmte them, even under the best cunditkms. 

Leaks 

In the leak category, we consider poor metal-metal or metal-ceramic brazes, intergranular leaks due 
to loo that seetkNis of material susceptibfe to grain boundary growth (such m c<^>per). pmxMis envie- 
lope materud. and direct penetration of ceramic parts by etectron bombardment. Most bad brazes 
are discovered during assembty and procesring. but naturally there is a class of leaks that are too 
small to be detected in this way. thou^ still non-zero and capable of affecting the life of the tube 
in terrestrial service, (^ration in space, of course, eliminates this cause of failure, even if the tube 
is not modifWd in any way. because the driving force for gas entry has been reduced far below the 
level at which it could compete with other causes of failure. A leak which would cause failure in an 
hour on the ground would requite lOO.CXX) years to become serious in low earth orbit. 

Pinhole leaks in c'cramics remiting frcmi bombardment are similarly harmless in space, unless the 
bombardment reduces enoi^ ceramic to metal for the electrical properties to be changed. 

Fractures 

Ceramic parts of tubes are known to fracture under a variety of conditions. 

The if field pattern in a waveguide window is nonuniform, so that dielectric heating is uneven. At 
sufficiently high average power, thermal expansion stresses may cause fracture. (In older glass 
windows, melting and suck-in may occur first. Few glass windows are now used on microwave 
tubes . ) Local multipactor discharges may cause even more uneven heating and can cause either 
fracture or perforation. 

Window failures in terrestrial tubes are nowadays not a serious problem except in two cases; 
extreme higli power, and large bandwidth combined with moderately high power. What is high 
power depends on frequency. It ranges from tens of MW' p: •; and up to 200 kW average at around 
1 CiHz. to tens of kW peak and 100 W' average in the upper r m wave bana. In these cases, failure 
may occur due tu simple dkiectric loss, as well as o more xotic causes. In medium power tubes 
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with large handwidths (more than 1/2 octave), the problem is not simple dielectric loss, but the fact 
that ghost modes and trapped modes (resonances confined to the region of the window assembly ) 
cannot be avoided over so large a frequency range. These resonances can cause failure at power 
levels much lower than those which the window can withstand away from the resonances. 

For typical communkatkHis tubes the bandwidth is less than 10%, and there is no difficulty in 
designing structures with no spurious modes over this range. Further, the typical power levels used 
in space am not extreme by terrestrial standards. Consequently, present space tubes do not fall into 
either of the two classes for which window failures are seriom causes of lube losses on the ground. 
Then eUmination or removal of a window cannot has-e a major effect on reliability, though it can 
have incidental advantages. 

Catho^ i^iamics also fracture althou^ pinhole leaks ate more common; in this case the high volt- 
age across the ceramic is an added stress, and rf is not necessarily absent (electron pm (Kciliations 
are iMt ui^mnnKMi Md are generally considimHl to have been sifficiently controlkd if they are 
baniriied to “rabbit ear' regions occurring only during the rise and fail of cathode voltage). Local 
bmnbardment dt» to u.idesir»l small beams of electrons escaping fnxn tiK gun structure can occur. 
The^ may heat cither the ceramic or adjacent metal parts so that seal failure occurs. Cathode 
ceramic fractures can also occur becaiBe of arcing either iniemaliy due *o a gas burst, or externally. 

In terrestrial service, any window or cathode ceramic fracluie is immedia.ely fatal. In space, it is 
less clear what will happen; the causes of fractures are mostly still present, and in some cases 
increased the outside surface ol a w indow is now subiect to mullipactor as w ell as the inner one, 
for example but the differential picture stress has been removed, and the leak resulting from a 
fracture has negligible gas flow, in the case of a window, a simple crack w ill relieve the thermal 
expansion stresses, but every thing will remain in place, and the electneal pnvperties of the window 
will not be changed window fracture could therefore have a hannicss e'Tect. 

A cathode ceramic fracture is more likely to be serious, since this ceramic has a support function as 
well as an envelope function, if the ceramic fractures circumferentially, the cathtxie structure will 
not simply fall off. as it would on the ground. Certainly as long as higli voltage is applied, the elec- 
trostatic attraction will be the dominant force (unless very stiff cathoile and heater leads are us*?d). 
and will hold every thing together. Even when voltage is removed, this may still be true because' of 
the substantial polari/ation that develops in high alumina ceramics. However, even a very slight 
movement to relieve stresses may upset critical gun alignment. Thus pm -era nic fracture should be 
considered as probably serious even in an excellent exterior vacuum, where window fructua* may be 
tolerable. 

For lubes to be processed completely in space, assuming that the space cnviroRnient is good enough 
to allow this, the window is not a neces>ary component at all. The cathode ceramic is still necessary 
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b(K.'4uii9 al' jli l\invtu>n. hut it cvh*W hf rtiUsccJ to <t numtvi of cvraiwu’ m which the 

likelihood of fractuw w nuich reduced. 

ln»tdato( L««lume 

A jugnilH'ani number of failPTO's invur due to the de'elt'i'tiu ni of leaka^ l^alhs acrwvs iimiUiois. 
uikualb ttw cath»ide ceianuc Ihc hum coiiimon cau^e seems to he eiaivialed oi si'-itered material 
t'tcmi metal ehs'trrHles, but direct reduction of the ovule under electrsui bcmibaidmcin is behesesi to 
mvui, and giasliial accumulalmn of cs'sitammation fivmi the gas atimssphetv in the tubs* is I'ossibK* 
I’luler the si»mbinatK*n t*f heat and high vedta^, charises m ctmiiH^tusii of the ceramic itT^lf can 
sHVUi bv ekvtiv'hsis these eilesls are vMlen viilftciill to »»bserse and analsJe I'n the gioinul thin 
metal rtims wav build m' tsi the |S*int where ciwcentralions of heaimg or electric fieW cause the 
ceraiiiic to crack, wheremsm the tutv S\v> is* an and the metal tihn ina> inuncdialely reovKliee, 
aihi becenne uiuietectable In s|*as‘e there w»>«M K‘ no ieo\idatn»n. but the accuimilaiing leakage 
nself stwiM cau^ failure sunplv b> oserUsading the powei supply 

Leakage failuies due to esapisralH'ii tls*ni oserheated parts way K* reduced if the teunvratuie can 
be loweied by atlowuig direct ratliatuMi, but spiittcring wiH rrt»t be redius'd unkvs ihc h*n popula 
lion IS btxHighi ds'wn also I eaka^* is normallv contissHcd by a cs'inbiiulion of gr\H»\mg and slueld 
mg ol the ceramic but esen this may be mefieciue if there aie gas buisls wtuch allow moiccutes U' 
‘gsM aimmd the corners " while the mean fiee path is moincntaiiU low OiHiimg to s|'ase would 
undi’ubtestly ini|n\«se tfus sttuaiusi 

Cathode Linu&ion 

I OSS of .aShvHle enuwson .an Oicur eithci !u»m lov. .»! enux>ise matenal from the .aituvfe sinfaec, 
s'i fh in poisoumgs't she \urtaee by liUeigit maietials Ihe inteia. lu»ns air leiy confptev. and can 
not !v suminau.'ed easiK It Che sacuum is\ei\ p\S»i, mateiial will Iv U'st Iiom II', e sutlaee by 
spiilteimg whieh >s basicatly inde|Vndent »'f Ihe eatiu'de tem|Vialure ^hen ihe sacmiin is go.sl. 
maleital is U'sl by esa|S'ialion whuh i\ sets lempeiatuiv dets-fidenl l! she sa.mmi. llu'ugh 
includes elements which aie poisonous t»» catluvies, then either this iv>i\\»nmg will oc* ui, or Ihe 
calhovie max Iv dehbeiately oiviated at a highei temiviatuie to le exap^'iale itie poisons I »’vv .>! 
malena) b\ ex.rpoiatum xxiU then be uuieav.'d 5 »*t "leseixoii'' t\ jvs v>s eatlusle iimpregnated 
tungsten matnv usiiallx i, hie is also gv'xeined by the ieactu»n late ol piv'eesses vvcuitmg m the 
ieseixou which leteave avtixe matenal to migiate through the pores tv> the woikmg suifa.v Ihesx' 
leaclton lates aic also xetx temiviatuie dependent, and may be m conOiet with the e'apoiaSu'n 
tale In this ixpe s'f .allunle theie is alwaxs pleiilx ot matenal ax ailable m Ihe lulenoi, exen aftei 
lens ot thousands ol houis. but tile xx'iuhtums max be such that it cammt ivach the sui face m a 
s\ii:.ible lonu, it the leavtum tale g.vs as a lughei i'v'xsei ot the tempeiatuie than the exap»'taltoit 
laie, then iheie is a inmumim catlunle temiviatuie beUnx xxliieh the ex.ip»xiation that still xvems 
xxiU no! Iv ieplenislie»l. and loweimg the lemiviaunv tuithei xxi'l leduce life 
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It is not aiflKient for just the gross emission of the cathode to be maintained; in a linely-focused 
linear beam tube, a small patch of poisoning on the cathode surface can unbalance the space ehai^ 
fences in the beam and deflect it enough to affect the performance of the tube, or possibly even 
cause serious damage. 

Thus, thermionic cathode life is not an isolated problem, but interacts closel> with tube vacuum, 
processing, posable presence of cmitaminants. and choice of operating temperature. It is not 
amenable to calculation except in the most idea'ired cases. 

There is no diHibt that improvement in the vacuum is always beneficial to cathode life over the 
range for which we have experience. But there is the possibility that some molecular "scrubbing” is 
beneficial, and that ^osynchronous orbit vacuum levels t=*IO ' Toni could be "too good.' One 
does not expect it. but he should allow for the possibility, since it is such a large extraptviation 
beyond our present experience. 

At a given vacuum, reduction of cathode temjH'ralure will always reduce the evaporation rate, but it 
may not improve life if the cathode is reaction-rate-limited, or if slow poisoning is occurring 

It may be noted that some tube enjaneers have maJe a deliberate iHilicy of starting bakeout at a 
relatively high pressure of a nonhamiful gas, high enough to make the mean free path shorter than 
the anvxle-cathode spacing, so that the major initial contamination released bv the antnlc is earned 
away to the pump instead of reaching the cathode. Tlie amount of some contaminants needed to 
poison a cathode is exceedingly minute. 

Young associates chlorine poisoning with partial pressures of 10'^ Torr or less; 10 ''' lorr chlorine in 
a vessel of 1000 cm- internal surface area deposits less than 0.00 T ' of a monolayer if completely 
adsorbed, larly quantitative work indicating the extremely small proportion of free (and thus 
poisonablei alkaline-earth metal atoms in an oxide cathode was reported to 1 . P Bcrdennikowa. 
Berdennikowa measured the number of free metal atoms bound by water vaiHir in terms of the 
pressure of the hydrogen released bv the reaction. She was able to measure quantities as small as 
.X X 10'*'' grams of banum 

Miscellaneous 

Numerous other causes of tube failure such as heater burnout, are not discussed in any detail 
because they do not appear likely to be affected one way or the other by the space environment. 
Present experience indicates that heater life should be a minor failure mode problem, in any event. 

One possible new cause of failure in space which we do not see on the ground is long-path discharge 
external to the envclo|x*. which ma> occur if the exterior vacuum and electrovle spacing combina- 
tion gets near the Paschen curve minimum. This will certainly not occur at synchronous altitudes. 
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but may be a possibility in low earth orbit. Tests must be made in space chambers at NASA or else- 
where. oiKC specific tecMnetrks have been decided on. 

Curmit U>’stron Experience on Life 

The Varian VA-842 klystron is the best example of a high power tube with long life. This klystron 
is used in BMEW radar transmitters and currently has a MTBF of 4.5 years. 

Fi^ire I is a plot on Weibull hazard paper which shows life performance for: 

(I) tte VA-842 

4.2) a tube with a hypothetical 50 year MTBF 

(3) a tube with an ob.^ctive failure rate of 1% per year 

The prob.ibihty scale at the t<^ of the graph shows the probability of failure for a unit at a particu- 
lar time. F = I -expt-t/M TBF). These cunes with a slope of = I apply to the random failure 
period of life. The MTBF is determined at the 63.2'> probability of failure point. 

The VA-842 history represents current state of the art capabilities. The attainment of a MTBF of 
30 years and the objective of a I ' J per year failure rate (.MTBF of l(X) jears) require an extension of 
6.7 and 22 limes the current demonstrated life perfonnancc. The effort to obtain this extension 
must address the problems discussed above under klystron failure modes. 

Reidacement Requirements 

The Weibull hazard plot may alssv be used for estimating replacement rates by reading the probabil- 
ity of failure scale at the one year intercepts. The values mav be inien>reted as the replacement 
rates; the percentage replaced per year. Ihe plots show values ranging from T to 22' . . llic ratios 
of replacement rates are the same as the MTBF ratUvs and indicate the need for maximum extension 
of life from Ihe present slate of the art to obtain the corresponding reduction in replacement rate. 

Bum-in EfTects 

?\ burn-in program is designed to screen out the infant failures such that tubes are in the random 
failure stage when put into ot'cration. Figure 2 is a Failure Symptom Tree. I he stage of life at 
which the failures are most likely to iHcur is noted in parenthesis. 

A.2 SERVICE AND MAINTENANCE 

Service and maintenance will involve detecting faults, replacing component assemblies or modules, 
overhauling defective units, and installing klystrons. IVsnmably a large crew of trained resident 
space-electronic technicians will be on hand to iH-rfonn these tasks. While it i,s not within the 
experience or purview of the klystron de.signer to explain how all the activities w ill be accomplished 
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in the sizable operating SPS installation, yet the characteristics and requirements of the individual 
tube may be considered as they might fit into the overall picture. 

The operating high power SPS klystron will have three principal areas where faults may sometimes 
be encountered, though it is anticipated that klystron reliability* will be high and these experiences 
rare. One of these areas is in the region of the electron gun. mod-anode, and body. Another 
includes the rf output cavity and waveguide structure. A third includes components of the 
depressed collector assembly. In the areas of electron gun and collector occasional dc arcing or 
"spitting” may be encountered in some tubes, particularly should foreign matter find its way into 
positions between high voltage electrodes In the area of output cavity and waveguide rf breakdown 
may sometimes be experienced. The three areas will be considered in turn. 

.A.2.1 Electron Gun. Mod-.Anode, and Body 

Figure A-3a illustrates an SPS klystron in simplified form. The cathode provides current for the 
electron beam, which is focused and then accelerated through the mod-anode by the potent:’* of 
the gun power supply. This voltage detennines the electron gun upencance and the bea:n current, 
although no beam current b supplied by the power supply. Perveance is simply a factor expressing 
the relationship between electron beam current and voltage, in this case between cath<>de and 
mod-anode. 


Mod-anode power supply voltage is added to that of the gun supply to further accelerate the beam 
and to establish final beam upeneance and velocity. V'arious ratios of power supply voltage are 
possible for creation of the electron beam A half and half division of the total required beam volt- 
a^‘ results in a desirable gun uperveance and is the case considered here. The mod-amxle power 
supply furnishes no beam current either. Tlie two supplies control the beam and supply only the 
relatively small klystron body current. 

The power supplies must be well regulated on a short-term basis to allow stable power output and 
phase characteristics. Any ripple or other rapid variation of voltage will be accompanied by simul- 
taneous ripple or variation in rf power output and in phase shift across the klystron from rf input to 
rf output. Variations in these parameters are calculable. For moderate voltage changes, efficiency 
may be taken as constant and power output then varies as the five-halves power of the beam volt- 
age. Tlie 70 kW klystron, for example, would show a power output sensitivity to beam voltage 
citangc of about 5.4 kW per kV. Phase change is more complex but for a 50 dB gain tube will be 
about :5®/kV. 


Slow changes in beam voltage, such as a gradual falling off with time, will have a similar effect. In 
this case, the klystron electron gun ojKrating point could be shifted to higher niicropervcanco and 
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beam cuirent by a compensating increase in gun voltage at the expense of mod-anode voltage. Thus 
beam current would be increa^d as beam voltage became le^. holding power output constant. 
Phase c'onection could be made at the rf input. Experience and data are lacking to verify perform- 
aiKe characteristics with gradually falling beam voltage, but it is believed that the calculations ^ven 
ar>d the expedients described are valid fw beam voltage changes of at least 10 percent. 

If high voltage arcing or “spitting" is to occur, the most likely repon is between electron gun and 
mod-anode, where electron beam focusing requirements place some constraint on electrode spacings 
and shapes, and where the “hot" cathode acts as a source of vaporized materials as well as of elec- 
tron current. Occasional arcing here is self-protective in the circuit shown. The instant an arc 
occurs, beam voltage and current drop to zero and operation is momentarily intemipted. The arc 
then clears and 'he klystron resumes normal operation. This sequence would occur in tens of 
microseconds. Since the mod-anode draws almost zero current, the designer may employ a rela- 
tively large seric . ’ >.s;.ince which is across the gun power supply during the arc. Beyond this 
factor, if the power ■•upplv is designed to have the volt-ampere characteristic shown in Figure .V.’b, 
the available power supply voltage would be very low during the arc. The graph of Figure A-3b is 
similar to the volt-arnpere characteristic of the typical solar cell. It is also similar to the volt-ampere 
characteristic of the resonant power supply used in many applications where self protection is 
desired in the event of dc breakdown in the load circuit. 

In very' rare circumstances, a permanent fault could develop the electron gun and mod-anode 
repon. leading to a high rate of arcing, momentary shut down, return to normalcy and re-arcing. 
Such behavior must be de»ected and the klystron shut down, as by disabling the electron gun power 
supply. ,4n indicating system must direct attention to the faulty klystron so that maintenance may 
be effected. 

A.3 BAKEOUT .AND PROCESSING 

Bakeout and processing have one main goal, the removal of gas and contaminant vapors from the 
interior of a microwave tube to an extent sufficient to pennit normal klystron operation without dc 
or rf breakdown. Bakeout consists of heating to drive gas and contaminants out of tube parts. An 
exhaust system pumps them away. In processing, dc and then rf voltages arc applied, first at low 
level and then at progressively higher and higher levels. This allows gradual high voltage seasoning, 
ordinarily accompanied by gas evolution. The klystron processing operation is usually carried to a 
power level substantially above normal rating. Bakeout and processing are completed when 
“anooth” full power arc free operation is achieved while the vacuum level indicates about 10*^ Torr 
or better. Considerably better vacuum should be possible in deep space. “SnuKithness" of opera- 
tion is a somewhat relative expression and may vary to some degree from one tube type to the next. 


With SPS klystrons of open constmetion, the ultimate situation may Iw one in which the manufac- 
turer supplies component assemblies or modules rather than complete klystrons. ITrese modules 
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could be inuividually baked out and processed on earth, but will probably require some additional 
seasoning wdien instalted. The necessary seasoning may consist of a short operating period at 
reduced power level, with gradual incrrase to full power. It will be necessary to wortc out suitable 
pro^^ng schedules for the various modules and/or completely new tubes. 

High temperature bakeout in deep space will probably not be necessary with these modules. They 
will have been baked out and processed on earth prior to shipment. An example of a similar proce- 
dure may be found in the bakeout and processing techniques employed with large, high power 
linear accelerators. The various components of these high energy machines are baked out and 
processed individually prior to final assembly at the site. Then high voltage dc and rf processing are 
undertaken, much in the manner proposed for modules of the SPS klystron of open construction. 
The high power accelerator, it may be mentioned, is typically equipped with roughing (rough 
vacuum) pumps and with Vacion pumps dispersed along the accelerator guide to achieve final high 
vacuum level. 

SPS sealed-off klystrons will, of course, be bak^ out and processed like their earthbound counter- 
parts. Ihey will probably be provided with Vacion appenda^ pumps for maintenance and moni- 
toring of internal vacuum level. In deep space operation of such tubes, if and when possible con- 
taminants are no longer a threat, valve-like openings would be desirable to allow use of the vacuum 
of deep space for pumping. These valves could be closed off if local contaminants became 
dangerous. 

Tube Units, .Modular Construction 

Early klystron tube units will probably be quite similar in construction to klystrons built for use on 
earth, save for thermal arrangements necessary for radiant cooling. That is, they will be sealed off 
klystrons. As time passes, however, and at some appropriate period, it may be desirable to change 
over to klystrons of open construction. The benefits of this type of design in space use are many: 
some have been Ji -c 'ssed. 

In either case, modular construction arrangements would be advantageous. With sealed-off 
klystron.,, the modules would be connected together with vacuum-tight seals. With open klystron 
construction, they would be connected together mechanically. The klystron divides naturally into a 
number of such modules. These arc: 

Electron gun 
Circuit (body) 

Focusing magnet 
Collector 

In sealed-off klystrons, one would also have an output window, a part not required with open con- 
struction. The open construction klystron might have two modules making up the collector. One 
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would constitute the beam refocusing section, the other the biased collector plate 
assembly. 

With open klystrons in geosynchronous orbit, modular construction would permit replacement of 
damaged components without removal of the entire klystron. Alternately, it may sometimes be 
advantageous to make the klystron c<»nponent exchange at a space shop set up for the purpose. In 
this case, a complete klystron replacement would be made, the damaged unit sent to the shop. 

Large Volume Manufacture 

Principal interest in large volume manufacture of SPS klystrons centers on costs. Manufacturing 
problems are discussed in a later section. III. Tube costs for the 70 kW klystron and a proposed 2S0 
kW klystron have been estimated and are shown graphically in Figure A-4, which plots unit klystron 
cost versus manufacturing rate Ln large volume manufacture. 

A.4 KLYSTRON DESIGN FOR SPS 

Interest in a high power klystron CW amplifier for possible SPS use at first centered on a 2450 MHz, 
50 kW, tube that would operate at under 40 kv and an efficiency of over .85. At Varian, the 
klystron coming closest to meeting these requirements was tiie VKS-7773. This tube met the power 
output and beam voltage requirements but operated at a tube base efficiency of but .744. Tube 
base efficiency, is simply electronic conversion efficiency, jjg, multiplied by output circuit effi- 
ciency, t?tkf 


% = r?ckt 


( 1 ) 


This simple relationship is fundamental to all klystrons. It states that the tube beam or base effi- 
ciency is the efficiency with which microwave rf energy is coupled from the electron beam to the 
output cavity multiplied by the efficiency with which the output circuit transfers this energy from 
the output cavity to the useful load. As it turns out, the principal factor which may tend to 
increase electronic efficiency, reduced electron beam microperveance. at the same time may tend to 
decrease circuit efficiency, and vice versa. Thus, there exists an optimum electron beam micro- 
perveance. This optimum falls between 0.25 and 0.35 for most CW designs. 

The actual electronic convergence efficiency realized with a particular optimum microperveance 
design also depends critically on the electron beam bunching achieved at the output cavity inter- 
action gap. A very important factor is electron beam current density. Reduced electron beam cur- 
rent density tends toward improved electron bunching at the output cavity interaction gap and 
toward higher electronic efficiency. Thus, a large drift tunnel diameter appears indicated. The 
coupling factor between the electron beam and the output cavity interaction gap, however, is largest 
for the smallest feasible drift tunnel size. Hence, for maximum electronic conversion efficiency 
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there exists an optimum drift tunnel diamete. for a given electron beam microperveance and a total 
beam cuirent. 

The VKS-7773 operates with a beam input of 28 kv at 2.4 amperes, or an electron beam micro- 
perveance of 0.5. The electronic conversion efficiency is close to .76. By reducing the microperve- 
ance to 0.25. increasing beam voltage to 36.5 kv to maintain power output at 50 kW and optimizing 
drift tunnel diameter for the reduced electron beam current, it was felt that an electronic conver- 
sion efficiency of .79 might be realized. This concept pivoted on the known behavior of the VKS- 
7773 klystron and was bolstered by independent calculations of Kosmahl and Albers, wh deter- 
mined that an electronic conversion efficiency as high as 0.83 might be expected in a similar case. 
The output circuit efficiency of the new klystron was expected to be close to .97 leading to a tube 
base efficiency close to .77. C Elector depression at a recovery efficiency of .55 would be necessary 
to realize the required .85 total efficiency. The 50 kW klystron CW am’vlifier deriving from the 
VKS-7773 was the subject of a paper given at the 1976 International Electron Devices .Meeting in 
Washington, D.C. A reprint is included as Appendix A. 

Present interest in an SPS klystron centers on a 70 kW power output tube. Even higher power out- 
puts have been discussed, the maximum being close to 300 kW. The 70 kW klyitron. with its higher 
electron beam current, may exhibit efficiency characteristics differing to some extent from those of 
the VKS-7773. .A 300 kW pow'er output klystron may differ substantially. Short of going into a 
detailed computer analysis of each design, it is not possible to predict these differences with great 
accuracy. Such an effort is beyond present treatment of the SPS klystron problem. In order to 
have some facile estimate of the variables concomitant with various power output levels and elec- 
tron beam microperveances. however, a computer calculating program was written around the char- 
acteristics of the VKS-7773 klystron, also making use of detailed comfiuter analyses of several 
microperveance 2.0. l.U and 0.5 high efficiency klystrons. Tlie program is labeled BOEKLY 
(Boeing Klystron). It is listed in Appendix B. 

The BOEKLY computer program takes the electronic co.nversion efficiency as a linear approxima- 
tion of computer data generated for several designs having values of electron beam microperveance 
between 2.0 and 0.5. 


= 0.79 - 0.06 Kq (2) 

Tiie expression is somewhat less optimistic than that used for the klystron derived from the VKS- 
7772 I ais is because of the higher electron beam currents of the 70 kW and higher power output 
tubes. 

Circuit efficiency is taken from an expression identical to that used in the case of the klystron 
derived from the VKS-7773. 
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where G|/Gq= 1.2 
R/Q= 120 

Qo = 4000(asat300°C) 

Microperveaiice. IC^. and beam vdtage. V^. are variables generated in the BOEKLY computer pro- 
gram in connection with the po\v<>r output level of interest in the particular calculations. 

Klystron base efikieno' is taken as the product of electronic and circuit eflkiencies. Collector 
recovery efYktency is assumed by the prc^ram user and entered as an input along with the power 
level of interest. 

The prc^ram may be smnewhat pesamistic for low microperveance cases at 70 kW power output 
and somewhat optimistic for the higher microperveance cases at 1 50 kW. and more. The outputs 
incliKie electrcm beam conditions, ma^etic fields, efficiencies, waste powers and drift tuimel diam- 
eter. While beam current density is held constant for all cases computed, no attempt is made to 
mtroduce effects of varying ya. a factor of interest to klystron designers in connection with drift 
tunnel size and efectron beam to output cavity coupling. 

The BOEKLY computer program was used to calculate parameters for 70 kW. ISO kW and 300 kW 
power output klystrons. Selected data are shown in the form of graphs in Figures A-S through A-8. 

Figure A-5 compares indicated tube base efficiencies for the 70 kW and 300 kW power output cases. 
For the 3(K) kW power output case, beam input varied from 46 kv at 8.879 amperes at microperve- 
ance 0.9 to 63 kv at 6.325 amperes at microperveance 0.4. 

Figure A-6 shows indicated klystron total efficiencies for the three-power output levels with col- 
lector recovery efficiency as a parameter. Data for ail three power output cases were quite close 
and were averaged for each value of collector recovery efficiency. 

Figure A-7 shows the estimated power loss at the output cavity for the three cases. This power loss 
is made up of two components: rf power loss in the output cavity related to circuit efficiency, and 
electron beam interception in the presence of rf saturation. The latter is taken essentially as only 
one percent of the beam power, thought to be possible but possibly somewhat optimistic. Removal 
of waste heat from the output cavity is one of the difficult problems in SPS klystron design. The 
data indicate one expedient for reducing this power, a change to a higher electron beam 
microperveance. 


A-17 



Dim-228764 


SlIS 


^ am 

NkW^V 

E aors 


I uia 
8 


s 

- 

> 


an 



1 I 1 1 1 


n^cmoM K«M NNCMorciivcAiia 
F|phcA-S. K'\ slro« Base EITicitncy (TJe^JJCKT^ 
vs Elednm Bom Mictopervcwoe. 
Data an fiom BOEKLY coaster 
{MTognra. 


* 



Fjgorr A-7. Estonated Power Loss at Output Cavity 
vs Electron Beam Mkroperveance. 

Data are from BOLKLY computer 
program. 



FigmeA-6. Indkaled Totd Efficiency vs Ekctron 
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Recovery Efficiency, asa Parameter. 
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Collector Recovery Efficiency as a 
Parameter Data am from BOEKLY 
computer program. 


A- 18 





0180-228764 


Figure A-8 show's the estimated power loss in the collector for the three power mitput cases with 
collector recovers' efficiency as a parameter. The use of higher niicroperveance increases collector 
waste heat power loss, although it reduces output cavity waste heat. 

70 kW Klystron 

The preliminary design of a 70 kW klystron was carried out using the BOFKI.Y and KIX' computer 
programs. BOFKI.Y has been discussed. KIK' makes accurate compulations of beam and propaga- 
tion characteristics from inputs <tf beam udtage. beam niicroperveance. drift tunnel diameter and 
beam diameter. A beam voltage of k\ and a micropi-rveance of O.s were cluisen in this case. 

Drift tunnel and beam diameters were taken from results obtained from BOFKLY. KIv .irm length 
was estimated by scaling and estimating from the V'KS-'’‘’7Jt. In practice, design of ,i high efUciency 
klystron would proceed from this point to large signal computations and plots of electron trajecto- 
ries to detemiine electrical details of the design. This is work considered beyond the scope of 
present effons. 

I he important characteristics resulting from this exercise are listed in the table below: 


70 kW Klysl-'on 


Beam Voltage, kv 

_x X 

Brillouin f ield. Ci 

445 

Beam Current. .A 


Practical Field. G 

1113 

.Micropeixeance, CP 

0.5 

Drift Tunnel iD. in 

.279 

Power Input. kW 

‘>8.014 

ya, radians 

.498 

Power Output. kW 

73.543 

Be. radians/inch 

3.803 

Efficiencies; 


Waste Powers. kW : 


Electronic 

7o0 

Driver Cavities 

.297 

Circuit 

,‘>M 

Output Cavity 

2.441 

Base 

74(> 

Collector 

11.316 

Collector 

.50 



Total 

.808 




These parameters were calculated for a klystron body operating temperature of 300°C. Total 
efficiency does not take account of heater or electromagnet powers. 

Klystron Length 

The length of the V'KS-7773 circuit, cathode magnetic pole to collector magnetic jH)le. is 15.5 
inches. The axial electronic propagation constant Be = 4.100 radians/inch. For the 70 kW klystron. 
Be = 3.K03 radians inch. The couivalenl pole-tivpole length would be lb.7 inches. .Allowing o.O 
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inches for the electron gun and mod-anode, 6.0 inches for a beam refocusing section between out- 
put cavity and ccrikctor entrance, and 10.0 inches for depressed crrflector r'ates, total estimated 
length would be 38.7 inches. 

H«it Radiation in Space 

Klystron waste heat must be radiated from suitable panels in space. These heat radiators must 
handle not only waste heat from the klystrons, but also heat received from other sources. Solar 
radiation in space, for exampk, is equivalent to about 1 .4 kW/meter*^. FacttM^ of viewing and 
absorptivity are applied heat received from the sun. Heat to be radiated may be expressed as 

Ql = P|j + KaKb Aj 1.4 + WgAj ( 4 ) 


where 

Q| = heat to be r^iat«i. kW 
P|. = klystron waste heat, kW 
Kj = solar view factmr 
= solar absorptreity 
Aj. = radiator area, meters* 

= earth's albedo, kW/meter* 

The heat that will be radiated may be expressed in terms of temperature, the Stefen-Boltzmann 
constant, radiator area, and radiator emissivity'. 

02 = (Tr‘* -T 5 '*> (5.6^x 10'")Aje (5) 

where 

Q-> = heal radiated. kW 
T( = radiator lemv»crature. ®K 
Tj. = deep space temperature. 4®K 
= radiator area, meters* 
e = radiator emissivity 

The Stefan-Boltzmann constant is expressed in kW/meler*-'’K'^. 


Since Q| = Q 2 . the two expressions may be equated, leading to an equation giving radiator area. 
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Body and Electronu^net Wa^ Heat 

Choice of an electrwi beam microperveance of 0.5 for the 70 kW klystron limits the estimated 
waste power at the output cavity to about 3.5 kW. close to the value obtained from the BOEKL'. 
program for the 50 kW klystron at microperveance 0.25. The concentration of waste power at the 
output cavity constitutes one of the difficult problems of klystron design where one contemplates 
u% of a heat pipe assembly for moving heat outward to a radiator. Power loss at the output cavity 
is a function of temperature, 300*^0 has been tentatively selected as the mavimui.i practicable. It 
constrains output cavity loss, allows heat transfer, and permits design of a body radiator of rela- 
tively moderate area. 

Summing up the heat to be handled by the body radiator: 

Output cavity 2.44 1 kW 

Driver cavities 24? kW 

Electromagnet ~.?50 k\V 

Total 3.4SS kW 


Using Equation 0 and the sumptions discussed earlier, calculations involving the klystron body 
heat radiator give Che following results for gc^^iNvnchronous and for low earth orbits. 


Klystron 

Body 

Tenip°C 

300 


Radiator 

Temple 

230 


Geosyn 
Radiator 
Area M~ 

IJSO 


LEO 
Radiatoj 
■Area VI “ 

1.414 


Thus, it appears from this exercise that conditions in low earth orbit are somewhat more demanding 
than those in geosynchronous orbit, though the difference is not large. 

Ifesign of a depressed collector for the ?0 kW higli efficiency kl\ stron will be one of the very' 
important tasks of tube development. IX'presseJ collectors are relatively easy to design for linear 
beam tubes of low efficiency. Collector recovery efficiencies of 80 percent, or more, have been 
achieved with TW T‘s of modest tube base efficiency. With high eftlciency tubes, on the other hand, 
there has been little incentive up to the present to add the complexity of collector depression, con- 
sidering the relatively iivxlest improvement m overall efficiency that may result. In the case of the 
SPS klystron, the relative importance of each point in efficiency leads to serious consideration of 
this means for recovering energy. Some work has been reported for an experimental I to 2 kW 
L-ba.ul klystron of 55 percent base efficiency, which achieved about 70 percent total efficiency 
with collector depression. The fundamental problem is that the electron beam emerging from the 
output cavity of a high efficiency tube has a wide distribution in axial and radial electron velocities. 
There must exist a large population of relatively "slow" electrons. The use of a beam refocusing 
section between output cavity and collector entrance allows electron beam sorting, which may lead 
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to improved depressed cotkctor operation. The nature of the spent electron beam leaving the out- 
put cavity may studied both theoretically and experimentaUy. Computer programs exist for 
design of both the electron beam refoctmng section and the depressed collector. As in many 
aspects of klystron deagn, actual performance and optimization may be determined only through 
test, modification, refinement and retest. 

Emissivity. e, is taken as .87. In geosynchronous orbit the view factor. K^. is taken as .5, in low 
earth orbit as .35. While certain special coatings may be employed to pve low absorptivity while 
retaining high emissivity. in general it is as^med that these degrade over long time periods. Thus, 
absorptivity. Kj,. is taken as .9. The earth's albedo varies inversely as th«* square of the distance and 
would be in»gnificant at geosynchronous orbit. It is taken as .25 kW/meter- for low earth orbit. 

Collector Waste Heat. Open Klystron Construction 

With open klystron construction, the depressed collector may radiate directly into space. Figure 
A-9 illustrates a hypothetical structure for the 70 kW tube. Assuming a collector recovery effi- 
ciency of 0 5, from the K3EKLY pro^am. waste heat would be 1 1.316 kW. For the purposes of 
this exercise, it is assumed that the five depressed collector plate structures may be dimensioned, 
shaped, positioned and biased so that each one ladiates one-fifth of the total waste heat into $pa<%. 
Bias voltages, incidentally, are closest to cathode potential near the top of the collector: they 
approach body potential tow'ard the bottom. The central spike is at cathode potential. The radia- 
tion shields at the bottom are at body potential. Thus, there are actually seven different potentials 
present for influencing and collecting the electron beam. In addition, a shaped magnet field exists 
in the beam refocusing section, with a leakage field in the collector plate repon. 

Radial portions of the plates collect the electron beam and conduct heat outward toward the radi- 
ating sections. In this example these arc assumed to operate at a temperature of 550*^C throughout. 
The use of heat pipe assemblies for the individual plate structures would hold the radial temperature 
drop to a low value. The maximum diameter in this example would be about 30 inches. With a 
higher radiating temperature, and. of course, a correspondingly higher plate operating temperature, 
the maximum diameter would be smaller. 

Calculations from Equation (> for geosynchronous and for low earth orbits gave the following 
results. 


Plate 

Cteosyn 

LEO 

Radiating 

Area 

Area 

Temp‘’C 

M- 

M- 

500 

.666 

.669 

5!^0 

.514 

,516 

0(X) 

.404 

.405 

bSO 

.322 

.322 

700 

.260 

2(»0 
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A-9. Hypothetical Depressed Collector for 70 kW Klystron of (^len Constnictioii 
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Thus, at these somewhat elevated temperatures, changes in the heat environment from geosynchro- 
n<»s altitude to low earth orbit tend to be compensating. 

Cfdkctor Waste Heat. 5 eakd Off Ktystron 

With sealed off klystitm construction, the depress«l collector plates mi^t radiate to an intermedi- 
ate surface forming a portion of the vacuum envek>pe. Ths surface might be cooled by heat pipes, 
which would transfer heat to an external ccrfkctor radiator. This radiator would radiate directly 
into deep space. A wide variety of radiator surface temperatures and sues, both within the tube 
and external to it, may be imagined, depending on various ^sumptions. From the point of view of 
the klystron de«gner. the intermediate surface diould have as low a temperature as feasible to per- 
mit use of analter and lower temperature depressed collector plates. From the point of view of the 
system desgner, the intermediate surface should have as high a temperature as feasible to permit use 
of a anaOer external collector heat radiator. 

Chie may take the klystron collector envelope temperature as 70°C above that of the external radi- 
ator. which is connected to the intermediate envelope by heat pipes. Then assuming a unifoim 
temperature for the internal collector plates, thermal calculations may be made for various possible 
geometries. Figure A- 10 illustrates one such geometry. The following table lists dau calculated for 
the arrangement: 


Collector 

Plate 

Temp^ 

Klystron 
Coll Envelope 
Temple 

Radiator 

Temp°C 

Geosyn 
Radiator 
Area .M- 

LEO 
Radiator 
.Area M- 

980 

500 

430 

.991 

.996 

969 

450 

380 

1.357 

1.367 

960 

400 

330 

1.921 

1.941 

95J 

-550 

280 

2.841 

2.885 

947 

300 

o 
1 1 

4.477 

4.588 


The effective radiating area of the collector internal plates for this example would be about 0. 1 
meters". These plates woald be constructed of refractory materials. Ps'rolytic graphite is one 
possibility. 

As with the collector of the klystron of open construction, plate bias voltages are closest to cathode 
potential near the top of the collector and nearest to body potential toward the bottom. The 
required potentials would be applied through insulating and support structures piercing the inter- 
mediate shell wall. 
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t 

BEAM 


RADIATION PER PLATE 2.263 UN. 1 1.316 kW TOTAL 
RADIATING TEMPERATURE 96irC ALL PLATES 
EMISSIVITY 0.87 
RECOVERY EFFICIENCY O.S 

Figure A-10. Possible CoDector Ami^iefiieiU, Sealed Off KlyMron 
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A.5 SPACE TUBE FACTORY AND FACILITIES 

The manufacturing of klystrons for SPS should follow in large part the concepts of most high- 
production factories. A high degree of automation in addition to computerized controls and a mini- 
mum of human labor would be required. The work flow would entail a logical progression of 
materials from the receiving dock to the shipping dock with strategic arrangement of ancillary 
administration and services. 

We sec under these conditions unique devices and delivery systems that place parts in proper posi- 
tion and sequence of assembly. Joining also would be accomplished in a programmed manner by 
mechanical means, as applicable. For more critical and vacuum-tight requirements, techniques such 
as compression and electron beam welding could be used. It seems that an in-line progression of 
assembly would be the least complex, although rotary apparatus, or a combination of the two. may 
have advantages in some 0 {»rations. 

Yields of ‘K)% and better will abide scant margin for error. To achieve such efficiencies, operations 
wUl be dependent to high degree on computerized controls. Parts will be precise both to produce 
operational modes and to function smoothly in assembly apparatus. Mechanical and electronic 
values, such as beam focusing, will be subject to computer controlled standards. Misfits will be 
ejected or adjusted rather than permit out-of-spec tubes to reach test stations and waste time, space 
and electrical energy. 

The automotive industiy employs an in-line concept of assembly but also uses a high labor content 
to place, fit and assemble components. The use of machinery to perform complex operations is not 
unique, incandescent and fluorescent lamp production is highly automated. Receiving and televi- 
sion tubes are assembled and processed mechanically. If machines can pare, halve, can and cook a 
peach, pick tomatoes, sense a head of lettuce for moisture content and pluck it if it's right, certainly 
we can design and construct a machine that can put klystrons together and test them. The unique 
“feature” will be to perform operations in vacuum and provide for adjustments in an external man- 
ner. At the same time, we must deliver parts and remove the completed product without destroying 
the vacuum. 

As awe-inspiring as the establishment of an automated factory for producing huge quantities of 
complex microwave tubes might appear from our present viewpoint, we would not be exactly 
pioneers venturing into a vast, uncharted land void of horizons. A glance at Assembly Engineering's 
Master Catalog will reveal a host of companies engaged in the design and construction of equipment 
for the automatic and programmed assembly of components and devices. A partial list of the classi- 
fic.itions in this category provides some idea of the services at hand to assist in the design and to 
equip a factory for the automated assembly of SPS klystrons. 

Assembly Machines, in-line, indexing 

Assembly Machines, rotary, continuous motion 
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Assembly Machines, ultrasonic welding, sealing, etc. 

Controls, automatic assembly 

Conveyor Systems, dispatching, programmed 

Feeders, custom deigned 

Hopper Feeds 

Indexing Equipment 

Inspection Equipment 

Manipulators, automatic, hand 

Parts Ejection Mechanisms 

Parts Transfer Devices 

Positioners, parts 

Robots, industrial 

Timers, programmed 

Tooling, for assembly machinfs 

Welders, electron beam 

Welders, r.iuili-station assembly 

The magazine. Tooling and Production, August 1977, presents an interesting and timely article 
describing a new approach to automated engine assembly. The system was designed and built by 
Automatic Production Systems, a division of Ingersoll-Rand Co., for the Society of French and 
Italian Motor Companies. Althougli the assembly of automobile engines does not require many of 
the controls and considerations inherent with vacuum and thermionic emission, the mechanical 
aspects provide some interesting parallels. The engine design, for comparison, provides only .001 
end-play clearance between block and crankshaft. The difficulty of lining up these elements 
manually makes the operation ideal for automation. Similarly, we would encounter a number of 
close tolerance and alignment requirements which could be made practically error-proof by the 
exactness of automatic assembly. 

Design of equipment as well as design of the building will be related closely to the design of the 
klystron. Tube design would proceed first with the design of equipment following as fast as 
features of the klystron take on shape and size. In fact, the design of parts and subassemblies for 
adaptability to automatic assembly will require consideration almost parallel in importance to per- 
formance requirements of the klystron itself. Our design, moreover, would not be solely for labor 
savings; in addition to tailoring design to automation, the assembly of tubes within a vacuum must 
be accomplished almost entirely with people excluded at the same lime from this environment. 

Initially, it would seem that one-shift operation would be advantageous. Additional shifts could be 
added, if needed; however, adequate down-time would be essential for servicing equipment and 
stocking the line for the next shift's operation. Stand-by equipment and production capability 
would be provided to sunnount breakdowns. It is expected that space freighters will depart on 
tight schedules and no allowance will be made for normal delays and late deliveries. 
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Such a factory ideally would be a one-floor arrangement. A basement would be advantageous to 
supply services, vacuum pumps, etc., and to provide access for their maintenance. Support 
administrative services, of course, could be located on a second story or in an adjacent wing or 
structure. Consideration also should be given to multi-plant operations both from the standpoint of 
logistics and to offset any interruptions either from acts of nature or man. 

Punch-press parts could be made on automatic progressive equipment. Fine-blanking techniques 
would be employed where the control of burrs was necessary. Impact forming and extruding would 
play important roles. Tape controlled, metal cutting, machine tools could be relied upon if required 
for the production of some parts, however, every attempt would be made to design parts to mini- 
mize the production of chips. Auxiliary, non-crifical parts possibly would come from outside 
sources. Reliance would be heavy on mass production processes such as powder metallurgy, die 
casting, automatic screw machines and other high-speed, automated, cutting and shaping methods. 

We will assume that most parts will be fabricated within the factory, particularly to control cleanli- 
ness and contamination. Conceivably this would incluu. the reduction of materials received in the 
form of billets to usable shapes and sizes. Especially this would be advantageous for parts subject to 
contamination and oxidation. These considerations become apparent, for example, if we are to 
make the maximum use of aluminum because of weight and continuing availability. Moreover, the 
winding of anodized aluminum foil for solenoids appears advisable but would require more than 
commercial control of oxidation and abrasive particles. “Cleanroom” conditions would be main- 
tained for processing and assembly areas. White particles within earth-bond tubes are a c, ncem, 
they do tend to bottom out but their behavior under gravity-free conditions is unknown. Their 
presence in either case intuitively is persona non grata. 

It would seem advisable, moreover, to assemble tubes in vacuum through pinch-off. To do so would 
eliminate the difficult me^ lical arrangements of conveyorizing pumps. As a bonus, it would pro- 
duce tubes free from oxides and scale wnich. hopefully, would require no further cosmetic groom- 
ing before plugging them into their celestial sc.xets. Assembly in vacuum has the additional advan- 
tage of simulating space techniques, if ever it is decided to perform assembly operations in either 
LEO or GEO stations. Parts and subassemblies would be placed within the vacuum chamber during 
down-time, if possible, ready for automatic feeding and assembly during operation. Otherwise, a 
system of air-vacuum locks would be devised to keep hoppers loaded and the line running. 

Varian has gained considerable experience with this type of apparatus which provides a good basis 
for future design and the estimation of costs. Presently under test is an in-line, conveyorized Vari- 
Krom ' system for the vacuum sputtering of chrome on parts such as hub caps, grills and bumpers. 
This equipment was designed and built for a major manufacturer of automative components. It is j 
relatively complex, computerized device costing approximately $1,000,000. It consists of a series 
of stations and embodies the transfer of parts through progressive and declining levels of vacuum. 
This machinery, however, would be far less complex than the processing and assembly systems we 
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envision for our space tube facility. The Vari-Kroin metaili/ing system is described in .Attachment 

\. 

Testing conceivably could become a bottleneck in the progression of tubes and the overall consump- 
tion of electrical power would be proportional to the time required. One hour of test would require 
18 MW to produce 4.000 tubes and. of course, more than three-fold this power when rates are 
increased to 1 2.500. Twenty-eight test positions would be required to process tubes at this level of 
production at better than 45% efficiency. It follow's that b’Sting must be completely compulerired 
to speed up the process. .As data are established, it might be possible to reduce testing to statistical 
sampling. Furthermore, to simulate the space environment, testmg also should be conducted in 
vacuum. 

Provisions for idiipping will depend on shipping schedules. Seemingly, we s^'-^uld plan on daily 
shipments to the freight depot for space transportation and provide for several days of backlog to 
cover any slips on the production line. Staging areas at 1 2,500 tubes per month in stacks of 3 x 3 \ 
6 containers, four high, would require 1 2.000 spare feet to provide a thrcc-day backlog. Use of 
automated stacking and loading, lifts and conveyors, packaging areas, storage of packaging materi- 
als. aisles, docks, etc., would require at least 75.000 square feet. 

.Allowing approximately four ye;irs for stabilization of tube and equipment design, we would hope 
to complete the construction and. shakedown of equipment and the completion of buildings in 
another three years. It is envisioned that a factory to produce 1 2.500 tubes per month would 
occupy 1.000,000 square feet and would cost $(>5,500,000 to construct. ,A cost of $(>5 per square 
foot is estimated at current costs to build a factory suited for more normal types of manufacturing 
hut w ith allow ances made for the special requireincats of sophisticated tube manufacturing. These 
construction costs were determined from a current study conducted by us to establish replacement 
costs ibr Varian facilities as requested b> the Security and Fxchangc Commission. .Additionally, we 
made use of “Building Construction and Cost Data" published by Robert Snow Means Co,. Inc. 

Based on Tooling and Production's account of the .APS system built for the consoriiuin of French 
and Italian motor companies which is valued at $4,000,000. we can project costs for an automated 
tube assemblv line at $(>,850,000, This amount would provide for uninterrupted production in case 
of breakdowns. The supporting equipment for this line would total costs to $ 1 .1 44,500.000 and 
require 1 ,000,000 square feet overall. .Additionally a 40 MW power plant would be required con- 
sisting of 200,000 square feet at a cost of $ 1 80,000.000. 

Typically, the OFM price of color television picturt* tubes is just under one hundred dollars based 
on overall production of one million tubes per factory per year. Assuming a difficulty and com- 
plexity factor of 20. it would be reasonable to predict a price of not more than $2,000 per klystron 
at full production and maximum efficiency. Through the learning cyele. we would expect a ratio 
of at least ten times the cost of tubes made at full priniuction and efficiency, or approximately 
$20,000 each. These costs are based on 70 kW' tubes: 250 kW' tubes might be expected to incre.ise 
in cost b\ a factor of 3. 
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Attachment 1 


Vari-Krome Metallizing System 
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VARIAN-PALO ALTX> VACUUM DIVISKJN 
SPECIFICATIONS 
FOR 

vari-krome™ metaluzation system 

I.O GENERAL INTRODUCTION 

The Vari-Kron> 3 ^ metallization system is a fully automatic in-line system deigned for hi^ vol- 
ume production of decorative metal coatings on plastic parts. The system is a complete metalliza- 
tion f-tcility, including materials handling equipment to interface with normal parts flow within the 
factory. Base coated plastic parts are introduced into the s>stem on specially designed platens 
which are routes through the Vari-Krome proces. The parts ate returned continuously to the load- 
unioad area with a bright metal plating ready for application of top coat. 

The Vari-Krome metallization system is capable of processing parts up to 34” .\ 43” in size. The 
coating zone is designed to deposit uniformly os'er irregular shapes such as automotive grilles 'vith a 
maximum centerline height of 8”. Production rates are dependent on part size and loading factors. 
Fifty-five (55) platens <34” x 43” coating area per platen) per hour may be processed in this 
system. 

The system is designed for production operation in a ru^ed industrial environment with a major 
emphasis on reliability' and maintainability. .All phases of the system are desired for four shifts 
of continuous operation before planned maintenance shutdown for cleaning and material replenish- 
ment. Key Disrating parameters are continuously monitored for early warning of potential prob- 
lem areas. The modular design of the system permits maximum flexibility in process set-up and 
maintainability of the system. 

TM 

The heart of the Vari-Krome metallization process is the Varian S-Gun ‘ source, capable ol high 
rate deposition without the substrate bombardment and healing efl'ects normally associated with 
vacuum deposited coatings. The basic Vari-Krome process has a coating zone w ith six banks of four 
S-Gun sources each to permit uniform coating over a wide span. Twenty of these guns arc active at 
one time with one bank of four guns held in reserve. Parts flow through »*’C coating zone continu- 
ously for maximum utilization of source material. 

Fully automatic control is basic to the Vari-Krome process system. Control of the system is elec- 
tronic and critical maintenance functions are continuously monitored. The system is truly auto- 
matic. All set-up and operating parameters are under key control of the production or maintenance 
supervisor. Once production parameters are entered, the machine will automatically process parts 
until the coating zone material is depleted. If malfunctions occur which are detrimental to the 
process or the equipment, the system will go to a safe operating condition, display the malfunction 
and sound the alarm for supervisory attention. Routine shutdown for material replenishment and 
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cleaning is initiaieti by the production or nuinionancc supcrvisisr with a keyed inslnictioit. Once 
the maintenance function is complete, a keyed instruction will automatically lake the system 
thn'ugh the sequen.'c of ojierations necessar> to ready the ssstem iV'r priviuction. lotal control 
and monitoring of the system is accomphshed at a contiol station which may be remotely kvated 
frxmi the system. CRT viewing screen and keyboard pennit full contud of the system from the 
contn'l statH'n. including production set up. manual control for mainienaiuc functu'ns and fully 
automatic cvmirol. 


2.0 PARTS ACCOMMOUATION MATtRIALS H \NI>LING 

The parts aecomnunlated in the \ an-krome system c.in vary frvnn small items (knobs, etc.), to larp.' 
im.*gular sliaivs lautoinoiive grilles, etc f The iransjHnt platen m.iy K‘ fitted by ih<- euslomer with 
an inexpensive sheet metal part holder which is designed for the poxluction pan Knng processed 
i, apaciiy of the holder is dctemiined hv part si.c .md co.iting rc*tuiieins'nis The b.isjc platen has a 
coaling .irea .'4” wide x 42" long 

,Ul PROIH <TION THROl C.HPl T 

o 

llic basic \ an-k^omc system is capable ot dcpt'siting a unitonn bnght coating up to 1 2tXf \ thick 
.uross the o4“ span at a prvsductioii rate of .tS linear inches per ni”iutc This correspoiuls to 1 
platen every oo seconds 


4 0 .S^sri MOn RMTON 

lire \ ari'kroine inelalh/ation process operates in a et'nirolUxi v.icuuin envirvMunent The metal 
e«'ating is deposited on the pl.islic pan (subsirate* b\ higfi i.ue spuiienng from Vanan S-vain 
soiiiecs I .leh si'iirec contains a i.ngel wluen is i.he st>uice of niaiena! to be deposited I he bi>!-' 
system ariangeinenl is shown on drawing Pooi*>S ' RcMsu>n A 

In operation, each pl.iten is mti whseed into the pio* ess ch.iinivr via an .ni v.ieiuini lock I he Kvk 
IS isoi.ited troni the process section, cycled It’ .ilin»'spl:ene pressure and the extern.ii >s»slaiion v.ihe 
IS opened \ platen is r.ipidix !i.mspi>ited int»’ the lock, the t xtenia! ist'l.uiv’ii valve :sek*sc\l. aiut 
the Krt'k IS ev.iiiiaietl bv the high speed vaemim system f»' ,i presi*l t'ressuiv Uhen space is .ivailable 
in ihs' privess st'etum the traiisfet tsol.itn’ii v.ilve t’pens an<l the platen is tr.inspt’iied at high speed 
ah' the process seetum tt' ,i pt’siiu'ii iiist behind the pieeeding platen The platen Iranstcr speed is 
retlneed to the Ct'aling speed tt' continue tliioiigh the ct'aling .'t'lie while the tst'l.ilu'n valve ek'ses 
Ihe ail v.iciuiin lock is \enietl to atmosphetie pressure m re.uhness tor the next platen. .As platens 
arc prvvevsed through the ci’aling /»’no thev exit the svsieni via the exit an vaeiiuin lock in a sinnlai 
manner 

Ihc tmishctl platens .m* u’lilcvl back t«' the svsiem eiilr..,tee vi.i Ihe lo.nl unit’.id area f»’r removal »’f 
the iV’ishctl p.utisl aiul U’adine of new parts 
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5.0 EQUIRkira^T DESCRIPTION 

5.1 ENTRANCE/EXITSECTKM«i 

The entrance and exit sections of the system are desipted for hi^ s|>eed evacuation to a kvel that 
permits entrance and removal of parts from the process secticm without detriment^ effect on the 
parts in the coating zone. Each lock sectitm is equipped with tranq;K>rt system and isoiatkrn valves 
for entrance to the system and the process sectiiMi. Valves are sequenced and transport system is 
operated for high speed translation of parts from the external conveyor system into the pro-.'css 
section. 


Vacuum in each lock section is provided by a Roots Blower 'Mechanical pump system with a vibra- 
tion isolation roughing line. 

5.2 PROCESS/OO.ATING SECTION 

The process cmting section consists of an entrance and exit transfer section plus the coating sec- 
tion. Each subsection has a self contained material tran^H>rt system with interlockc*d feedback to 
the control system for positive indication of platen location within the system. Entrance and exit 
sy stems ate capaMe of hi|^ speed translaticm of parts in and out of the section as well as matched 
speed to the coating /one for continous flow. 

The ciMting section ctmtains a total of twcnty-fcKir (241 \ arian S-Sun sources in /ones of four each. 
St'urce location within each /one is designed for uniform coating across the parttsl on the transport 
svsiem 


A gas flow conlH'l system is included in the coating section providing the controlled atmosphere 
required for the \ ari-Krome metalii/atiim process. 

5.3 EXTER.N AL M.4TERIALS H.4NDLING 


.\n e\temal material handling .system »s provided to route platens to a convenient load 'unload area. 
Tliis continous return system for part holding platens pennits operation adjacent to normal parts 
flow without the need for q>ecial equipment to retuni platens from an unload area to a load aa-a. 

The external system consists of four comer sei'tions. tw'' straight sections and a “power and free" 
load /unload section. 
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54 ELtCTRICAL a)NTROL SYSTEM 

Tlie electrical ctmtrol system includes conventional power distributitm for the power applies and 
vacuum ^mps with automatic ccmtrol for the overall Vari-Krome process. Power cmitrcris for the 
system are located in a power distribution center including all necessary motor starters and contac* 
tors. The material IransqMrt system features variaNe speed drive with feedb»:k to maximize system 
eUkiency. 

The operati'! cimtrol console consists of a CRT viewing screen with terminal key hoard. The opera- 
tion set-up parameters including SAlun power level and transport operating ^ed are keyed in 
during set-up on the sy stem. Once the instructions are keyed in they ate placed under supervisory 
c«itrol. i.e., they cannot be chang'd by an c*perator unless the keyKvard is **unlocked" by the 
supervisor. Operating parameters including maintenance interlock functions can be displayed on 
the viewing screen by keyed instructions. Suitdown for maintenance and aibsequent startHip to 
production are autiunalically programmed into the operation from simple keyboard commands. 
Autoniatk protection features for parts and or equipment are incorporated into the control system 
to minimize down time 
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6.0 UTILITY REQUIREMENTS 

6. 1 ELECTRICAL, 460 VOLT, 3 PHASE. 60 Hz PLUS EQUIPMENT GROUND 

Basic System: ?0 KVA 

S-Gun Source Power Supply: 400 KVA 

6.2 COOLING WATER 

60^°F. 75-100 psig; 30 gpm 

6.3 COMPRESSED AIR 
75-100 psig: II2CFH 

6.4 UQUID NITROGEN 

35 psig maximum, approximately 0.6 CFH 

6.5 DRY NITROGEN LOAD LOCK (CHAMBER BACKFILL) 

5 psig maximum, approximately 8000 CFH 

6.6 ARGON. HIGH PURITY 
30-60 psig, approximately 2 CFH 
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APPENDIX B 

SOLAR POWER SATELLITE 
POWER CONTROL & DISTRIBUTION 
SUBSYSTEM 

1 . POWER SEMICONDUCTOR TECHNOLOGY EVALUATION 

2. MPTS POWER CONDITIONING 


This material was generated under a subcontract with the General Ekctric Co.. 
Space Division. Valley Forge, Philadelphia. Pa. 


Roman W. Andryczyk 
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POWER SEMICONDUCTOR TECHNOLOGY EVALUATION 


The commercial introduction of the silicon controlled rectifier ( SCR) in 19S7 initiated the diversi- 
fied applications of solid-state power control devices. Since then, the power handling capability of 
silicon devices have improved so much that 8C00 IcVA phase controlled locomotives and higdi volt- 
age DC transmission deploying SOO MW now use solid-state components. 

Since the SCR’s introduction, many other thyristor devices have been developed, including the gate 
tum-off switch, field controlled thyristors, power transistors, etc. Considerable RAD activity on 
power device applications is concentrated at higher frequencies above 10'* Hz. Here, switching 
power supplies are projected to become a major market factor in the mid 1 980's. 

The current and volta^-handling capabilities of test-recovery power rectifiers are also improving 
rapidly. At present, fast-recovery rectifiers are also a limiting item in many applications because of 
available maximum voltage ratings, consistency of the tum-off mechanisms from device to device in 
a given production quantity, and cost. Schottky diodes now available have low forward drop, but 
are limited by operating temperature and peak reverse voltage, and often seem to have reliability 
problems. 

Where the application of power switchings is concerned, the presently preference seems for power 
transistors over thyristors. As technology evolve> over the next decade it is believed that power 
transistors will be successfully applied at 20 to ?0 KHz (at 10(X) V' and 1000 Amps). 

Transistors are quite suitable for many high-power applications beyond the capability of a single 
device by series and parallel connection. 

In the last several years, introduction of the amplifying gate has increased the dy namic performance 
of thyristors considerably. Greater activity will take place in faster devices to meet the increasing 
commercial needs in the 20-30 KHz range. 

The reverse-switching rectifier is another thyristor device being suggested for high-pulse power 
application. I is role on the market is also expected to grow. Such devices as 400 .Amps and 1300 
Volts are now available. 

Another promising component is the power vertical field-effect transistor. These devices can handle 
several hundred watts of load power at several hundred volts. Because stored charge effects are 
absent, they provide much better frequency response than bipolar transistors. 

Semiconductor-device power applications depend greatly on heat removal, thermal fatigue-free 
contacts to silicon, etc. The success of heat management and adequate maximum junction 
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temperature margins directly at''.wcts lonircvity and reliability. The judicious combination of heat 
pipe/heat sinking techniques can be of great benefit. 


Using IC's for over voltage-under voltage detection, and other circuit abnonnalties. can assure 
improved reliability and less strain on the power devices. 

Power module designs (mounting multiple semiconductor chips in a single package) are beginning to 
address heat-removal problems at lower current and voltages. Tlie power module concept can mavi- 
mi/e heat dissipation while also optimi 2 ing device requirements for a given application. The result- 
ing component provides not only improved reliability and performance, but eventually more favor- 
able functional costs. A key feature of Gt's power module line is direct copper bonding to the sub- 
strates. Tlie advantages of direct bonding are multiple, sonic of them are: 

• Improved thermal impedance 

• Provision of thennatic seal 

• Improved thennal fatigue 

• Simpler fabrication process 

• Lower total cost. 


.A whole new area of volume production involving power semiconductor devices involves the sale of 
unmounted chips. This has significant advantages m that the basic termination to the silicon pallet 
has been made and tested bv the device manufactiiie>. thiiN aivlmg the end user m final assembh . 
SC'R's, transistors, and rectifiers are presently available in such a stage. 

Piepackaged parallel transistor arrays ,ire .ivailable up to I '00 amperes, with main protlucts 
intended for electric vehicle control .-\dvances in processing t|uality, line-line geometrv . etc., all 
make power devices with greater dynamic properties possible in tlie future. 
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MPTS POWER CONDITIONING 

The MPTS power control and distribution subsystem provides conditioned power for all MPTS ele- 
ments. Each antenna is divided into 228 power control sectors, each sector providing power for 
420 klystrons. The five depressed collector klystron requires condi.ioned power on all inputs 
except the two collectors which utilize power directly from the SPS Collector A supplies and Col- 
lector B supplies. The power conditioning subsystem block diagram is shown in Figure I . The esti- 
mated input power to the DC/ DC converter (Fig. 2) is about 5400 Kw. 

The purpose of this exercise is to determine the size, weight and efficiency as a function of the 
projected solid-state power switching technology development in the mid 1 980's. 

Table 1 shows the projected switching speeds of power semiconductors (i.e.. at 40 k V. 1 50 .Amps). 


Type of Switch 

SCR 

Transistor 

FET 

Thyristor 

Rectifier 

Switching Speed 

30 KHz 

50 KHz 

50 KHz 

30 KHz 

40 KHz 


Table I . Projected Switching Speeds 


Presently the switching speeds of the considered semiconductors range from 1 to 10 KHz. Due to 
this fact an analysis was conducted to determine the size, weight and losses as a function of fre- 
quency. Table 2 shows the results obtained. 



Table 2. Size. Weight and Losses of DC/DC Converter 
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Figure 1 MPTS Power Conditioning Subsystem 


BODY ANODE SUPPLY 
21.0S0V(i 105V) 


MODULATINC ANODE SUPPLY 
21,050 V (t105V) 


COLLECTOR NO. 1 SUPPLY 
25,160 V (il258 V) 


SOLENOID SUPPLY 
100 V (ilV) 


CATHODE SUPPLY 

10 V ( i0.05 - 0.15 V) 


I “37 A. 


1*0 


I » 18.5 A. 
I - 4200 A 


I - 2100 A 


TO KLYSTRON 
BODY ANODES 


TO KLYSTRON 
MOO. ANODES 

TO KLYSTRON 
CATHODES 

TO KLYSTRON 
COLLECTOH NO. Vl 


TO KLYSTRON 
SOLENOIDS 


TO KLYSTRON 
HEATERS 


n-0.96 

Pj„ » 2,666,833 W 

Figure 2 MPTS DC/DC Converter 
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Our conclusion is that a 20 KHz to 30 KHz switching speed is achievable in the next decade, but 
not much higher. 

Figure 3 shows the block diagram used tor analysis of the individual module losses shown in 
Table 3. 


Output 


Input 



Switching 


, FILTER -> 

CKT 

XFMR 


Reactor 

6rCap. 


I Drive I 


Suppression! 


H RECT FILTER }>25KV 

37a 


— { RECT -I FILTER 


p I RECT M FILTER f>>2lKV 
' * 18.5a 


•29.5KV 

65a 


RECT U FILTER [-► 2 IKV 
37a 


|— j RECT }-fTiLTER~}-|^2 IKV 
I II 


RECT 


FILTER^” : 

420a 


L j RECT 


FILTER 


30V 

700a 


Figure 3. Simplified DC/DC Converter Block Diagram 


Switching Freq. 

1 KHz 

10 KHz 

:0 KHz 

30 KHz 

Filter 

(Input) 

25 

35 

40 

45 

Cond 





Switching 

10 

10 

10 

10 

SW 

- 

10 

:o 

30 

Drive & 
Suppression 

*> 

5 

10 

15 

98.6 





XFMR 

70 

70 

70 

70 

RECl 



*> 


Output 

Filter 

.'iO 

100 

115 

130 

Total Losses (KW) 

Kil 

232 

267 

302 

Eff, 

96.9 

95.6 

94.9 

94.3 


Table 3. Itemized DC/DC Converter Module Losses 
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Bask Assumptions 

( 1 ) Switching losses estimates: 

Use as a baseline 40 - GE Cl 58/C 159 SCR's with 10 in series and 2 in parallel, with each SCR 
forward voltage drop of 1.5 Volts. 

(2) Drive and suppression losses one 50 percent of switching losses. 

(3) Rectifier losses: 

Using series connected 7.5 kV rectifiers per each output ct an average 'orward voltage drop of 
1 .25 Volts. 

(4) Transformer: 

A transformer was designed with a 98.6 percent efficiency at 10 KH,!. Tlie design parameters 
are: 

(a) lOOVolts/tum 

(b) .007 incli grain oriented iron 

(c) 10 watts/lb of iron loss 

The total weight of ihe transfomrer is about 5000 Ib. the size is 67 inches high . 
diameter. 

(5) The estimated dimensions of the switching ^R Bridge Network are 7 \ 0 x 3 ft and its weiglit 
is 500 lb. 

(6) The total DC/DC' converter weight is based on the assumption that the transfonner is 1/3 of 
the total weight. 

Body Anode Cathode Heater and Solenoid Supply Regulator 
Three types of regulators have been considered: 

(1 ) Series regulator is the simplest, smallest and lightest, but the power losses are the highest. 
These losses occur due to the regulaiing element operating in he active region of the semicon- 
ductor in order to maintain regulation, lire voltage (V) across tl.is element would K' from 
about 3 to 10 Volts depending on the load current (I). (The power loss is VXI.) 

(2) Pulsewidth regulator with integrating filter this method of regulation combines tiie inversion 
and regulation in the pulse witlth inverter stage. Ilte switching reterence frei|uency is gener- 
ated by a separate oscillator circuit. Tlie voltage regulation is maintained by an error simplifier 
that controls the duty cycle of the inverter switch. The power losses are minimal because the 
in-line switching semico luctors are always in saturation when conducting the load cui:ent at a 
voltage drop from 0.1 to 2 Volts depending on the switching eurrent and the devices used. 
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n»e bulk of the weight is in the output filter, because this output induc'or has to ^aie the 
total ener^ during the off time of the inline switches. This is most likdy to be the largest and 
heaviest method of regulation. 

(3) Boost re^ilaUM' - this ai^roadi provides the same inlii*e vcitage drop of . i to 2 Volts but only 
regulates the power above the minimum input voltage to tlw re^ilator, therefore it is the most 
efficient in terms of power losses. The power transformer only boosts the difference between 
the input and output voltag.. therefore its size is moderate, and the output filter is also relativ- 
ely small because the energy stored in the indu< tor only has to be the partial boosted energy, 
and compared to integrating filter o'" the second approach would be S to 10 tiiiKS smaller and 
lighter. 

Conclusions 

( 1 ) It can be assumed that I Kg/Kw and 1000 Kgjm~ is achievable for power conversion within 
the next decatfe. 

(2) Solid-state switching devices (such as transistors. SCR’s) will be available at high voltages and 
currents required fOT SPS with an efficient freqtieocy up to .30 KHz. 

(3) The efffcfcncy of the DC/DC power converter is 94 percent to 95 percent (at 20 KHz to 
30 KHz). 

(4) Transformers with 98 to ^ percent effkienev' ate achievable for ^ace application. 

tS) The Boost re^lator seen.' 'c Ik the optimum method of regulatirats from the power loss and 
wei^t considerations. 
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APTENDIXC 

OPERATION OF GENERAL ELECTRIC DC BREAKER 
(MECHANICAL) 

The basic praicipk of operation b a superpositkMi of a high frequency alternating current on the 
load or fault current to be intenu|rted, producing instants of zero current in the main interrupter. 

The commutatitig capadtor is kept charged from the DC bus throu^ a large resistance to ground 
(K2). Ouri^ an interruption, the vacuum switdi b <H>ciKd, drawing an arc. At the proper instant 
the triggered gap b fired, dbeharging the commutating capadtor through tlw vKUum switch, 
adiievir^ interruption. Any stored inductive energy b diverted to the nonlinear reastor. The 
snubber capadtw serves to limit the rate of rbe of !be vrdtage across Uk intemiptor. 

After an cqreration the SCR in the charging circuit b fired, rapidly recharging dM commutating 
c^udtor throu^ a small resbtance to ground. As the capadtor becomes charged, the current 
through the SCR falls to zero, enabling it to turn off. The breaker b then ready far another 
operation. 
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GENERATOR 


DISCONNECT 


VACUUM INTERRUPTER 


DISCONNECT 


BUS 



GE DC BREAKER 
(MECHANICAL) 
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HUGHES DC BREAKER 
(MECHANICAU 

Based (Ml published data we estimated the Hughes breaker would utilize tire crossed Held 
interrupter. A mechanical inline device would cany the steady state current. During a fault or 
load current interruptkm, the inline device would be opened and the current transferred to the 
crossed tkld interrupter. After a time suffkient to insure dei<mizati(Mi in the inline device, the 
crossed field interrupter reverts to a nonconducting state, transferring the current to the snubber 
capacitor. When the snubber becomes fully charged, current is transferred to the ncMilinear 
resistor, and any remaining inductive energy is dissipated. 
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HUGHES DC BREAKER * 
(MECHANICAL) 


* ESTIMAIED BASED ON PUBLISHED DATA 
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GATE TURN OFF 
DC BREAKER 

For a fast turn on and turn off (10 u sec) time, a sotid state breaker mint be utilized. A breaker 
employing gate turn off devices is recommended. The devices are connected in series/parallel to 
achieve the desired rating. A slaving technique is used fcnr the series elements so that as each 
element in the stack turns on or off. it operates the gate of the next element in line. 

To turn the breaker on, the GTO’s are simply pulsed <m. After the breaker is turned on, load 
current is carried through the GTO’s. In tire event of a fault, the control circuit pulses the GTO’s 
off. Current is diverted into the snubber circuit, limiting the rate of rise of voltage across the 
GTO's Finally, any stined inductive energy is dissipated by the GEMOV. 
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GATE TURN OFF 
DC BREAKER 




GENERAL 

ELECTRIC 


SWITCHGEAR REQUIREMENTS 


Voltage 

Ci^ability 

KV 

Steady State 
Contlnuoue 
Current 
Amp. 

Momentary 

Current 

Am|>. 

Opening 

Time 

Quantity - 
Thermal l^stem 

Possible Switches 

38.7 

290 

2900 

10 u eec. 

456 

SOUD STATE ONLY 

40.8 

620 

62000 

10 u sec. 

456 

SOLID STATE ONLY 

21 

0 

0 

10 u sec. 

97000 

SOLID STATE ONI.Y 

44 

2500 

12000 

5 msec. 

196 

SOIiD STATE OR 

MECHANICAL 

SWITCHING 
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SWITCHGEAR WEIGHT COMPARISON 

Two mechanical switcheit under development by GE and Hughes were investigated and compared to 
a GTO solid state switch. The 44 kv switch us^ for turbogenerator power switching (requiring 5 
milliseconds response time) should be a mechanical switch (substantial weight saving). The 21 kv 
switch used to clamp the klyston’s anode and cathode ( I to 5 microseccmds response time) must be 
a sdid state switch. The 38.7 kv and 40.8 kv switdies at the klystron should be traded off against 
the microwave tube. A considerrble weight and cost savings in switchgear can be achieved if the 
tube can withstand excessive fault current for milliseconds instead of microseconds. 
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GENERAL 

ELECTRIC 


SWITCHGEAR WEIGHT COMPARISON 




GE DC Breaker 

HUGHES DC Breaker 

Solid SUte DC Bi«aker (GTOI 


Total 

Weight/ 

Total 

Weight/ 

Total 

Weight/ 

Total 

Switch 

Number 

Unit 

Weight 

Unit 

Weight 

Unit 

Weight 

Description 

of Switch 

LBS 

LBS 

UBS 

LBS 

LBS 

LBS 

38.7 KV 

290 AM(CONT.) 

456 

235 

. 107 X 10® 

950 

.43 X 10® 

577 

.26 X 10® 

40. 8 KV 

620 AM(CONT.) 

456 

235 

. 107 X 10® 

950 

. 43 X 10® 

874 

.40 X 10® 

21 KV 
0 AM 

97000 

- 

- 

- 

- 

40 

3. 88 X 10® 

44 KV + 

2500 AM(CONT.) 

196 

235 

.046 X 10® 

950 

. 18 X 10® 

3296 

.65 X 10® 

TOTAL WEIGHT 
(LBS) 



.26 X 10® 


g 

1. 04 X 10 


6* 

1.31X 10® 


’"Does Not Include the Weight of the 21 KV Switch 
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HUGHES/GE DC BREAKER WEIGHT COMPARISON 

The Hughes mechanical interrupter is four times as heavy as the GE interrupter witlt the largest 
weight contributors being the snubber capacitor, the crossfieid interrupters and the SF 6 switching 
device. In addition a tight control of the pressure must be maintained at the SF 6 switching device. 
The GE vacuum switching device is now used commercially. 

The total weight of the Hughes switchgear is a GE estimate based on published information to date. 
This was done by scaling down the weight from a 100 kv to 40 kv (2.5 ka continuous). 
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HUGHES/GE DC BREAKER WEIGHT COMPARISON 



GENERAL 

ELECTRIC 


COMPONENT 

HUGHES WEIGHT/BREAKER 
LBS 

GE WEIGHT/BREAKER 
LBS 

CHARGING CKT FOR COMMUTATION 
CAPACITOR 


5 

COMPI^TE 

OPERATING MECHANISMS 

80 

80 

INLINE SWITCHING 
DEVICE 

120 (SF6) 

20 (Vacuum) 

SNUBBER CAPACITOR 

440 

20 

CROSSFIELD INTERRUPTER 

150 

20 

ENERGY ABSORBING RESISTOR 

10 

15 

SUPPORT AND 'ONTROL CONNECTIONS 

150 

75 


TOTAL 


950 lbs per breaker 


235 lbs per breaker 
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TOTAL COST OF SWITCHGEAR IN SOLAR THERMAL SPS 
(1977 DOLLARS) 

The total cost of switchgear for SPS depends on the type of switchgear used. The total mechanical 
switchgear cost is about S 1 SM as compared to the solid state S 1 54M (excluding the cost of the 
kv switch which is assumed to be solid state). This differential in cost as well as additional develop- 
ment cost and considerable weight penalty for the solid state switchgear should be considered when 
trading off the klystron vs. switchgear requirements. 
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GENERAL 

ELECTRIC 


TOTAL COST OF SWITCHGEAR IN SOLAR THERMAL SPS 

(1977 DOLLARS) 



■ pac e diviaion 


Switch 

Description 

Total 
No. of 
Switches 

GE Vacuum Switch 
$ Millions 

Solid State Switch 
$ Million 

38.7 KV 
290 AM(CONT.) 

456 

5.93 ($13KEach) 

30 ($60 K Each) 

40. 8 KV 

620 AM(CONT.) 

456 

5.93 ($l3KEach) 

46 (SlOlKEtwh) 

21 KV 
0 AM 

' 7000 

NOT .W- -ILABLE 

188 ($4KEach) 

44 KV 

2500 AM(CONl'.) 

186 

2.74 (W4 KEach) 

78 ($396KEach) 
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TECHNOLOGY ADVANCEMENT 
GE DC Bfcaker-Key components of the pro: ^type switch such as the: 

(A) high speed mechanism 

(B) compensation circuit with the GE vacuum interrupter 
(Ci non-linear resistor (energy absorber i 

nave been tested at a rating of 400 kv, 2 ka continuous and 10 ka fault current. 

Hughes DC Breaker-Switch has been field tested at 1 00 kv. — 500 amps continuous and 4 ka 
fault current The Hughes interrupter uses SE6 (sulfur hexofloride I as the medium with a 2 milli- 
second response time compared to the GE vacuum interrupter w ith a 3 millisecond response time 

Gated Turn Off Solid State Breakers-Thc wa\ to go if microsecond response time is required, li 
is behind in technologv . heavier and more expensive. 
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ELECTUC 


TECHNOLOGY ADVANCEMENT 


■pMW cMvhilon 



UE DC 
Breaker 

Hughes DC 
Breaker 

GTO Solid State Breaker 

State of Technology 
1977 

Prototype Development. 
Components of the 
prototyiX! successfully 
tested. 

Prototype has 
been field tested. 

Some laboratory model 
testing. Improvement In current carrying 
capability and heat transfer is needed for 
the particular use in space. 

State of Technology 
1987 

Commercially 

availab:.e. 

Commercially 

available. 

It is expected that by 1987, some of these 
devices would be commercially available 
with improved a rrent carryii^ and heat 
transfer capability. 

General Remarks 

e GE switch com- 
mercially available. 

Light weight and ccmpact. 

e Uses vacuum as inter- 
rupting medium. 

e Comf'Stible with 
vacuum environment. 

e Relatively 
heavier than GE 
switch. 

e Uses SF6 switch, 
e Slightly faster 
response than GE 
switch. 

e GTO of 1 KV It 200 AM continuous 
rating not commercially available. 
Development stages. 

e Very Expensive. 

e Relatively heavy 

e Extremely fast response time. 
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APTENDIXD 

ESTIMATE OF RF FIELD AT SPS ARRAY SURFACE 


Sumnury 

liutial assesunent indicates that the RF electric Held at each waveguide slot is of the order of 
3>4 kV/ctn. Currently, spacebome antenna systems ^ GEO typk:ally have RF fields one order of 
magnitude lower. 

Frocedure 

I ) Energy d.*nsity ¥ SPS center for 5 GW system is 22 kW/m^ = 2.2 W/cm^. 

2» Slot spacing is Xg/'2 s 8.2 cm and lateral slot separation is 9.5 cm. i.e.. each slot 
oixupies 79 cm-, giving 2.2 X 79 = 1 74 watts CW per slot |X= 12.1 cm for2 45GHz.l 
3) Resimant slot impedance for slot .475X x .OIX = 2(530 * jO) 

(Ref. Kraus. “Antennas." page 370), i.e., volt^ V = 

V =v/PR = 174) (2)530 = 429 Volu 

andE = V/d = 429/ 01(12.2) = 3.5 kV/cm a>S 
For current S^JA system, the (Canadian Satellite, a comparable value is calculated as follows: 

P = 200 Watts CW 

Wklth of !4 GHz wavepiide feeding 30 ft anteiuia = .475 in 
Waveguide impedance is ~50(K2, i.e. = 1 .2 cm 

V = VT200T300 = 316 Volts, i.e., 

E = 316/1. 2 = 262 = 26 kV/cin 
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APPENDIX E 

HIGH POWER CAPABILITY OF COMPOSITE WAVEGUIDES FOR SPS 


Summary 

Preliminary calculations, verified by extrapolated Hughes experimental results at 10 GHz in 
ambient air indicate that in the vacuum environment for the SPS array gcor.etry. CW powers of 
about 16 kW are sustainable at I00°C and about 101 kW at 300°C for a graphite epoxy 2.5 GHz 
waveguide 16 mils thick, with internal silver plating of the order of 1 mil. 

Thermal Anaiy^ 

The analysis, conducted by Mr. Geo. Roe ' en<:'» rir*asses the following steps: 

I ) The capability of convective cooling in an X i>;d waveguide (I in x 11/2 in x 050 inf operating 
at 235“F in a 70°F room was estimated fc; each of 4 walls of a graphite epoxy waveguide 50 
mil thick, with 2 mils of silver plating, totaling 69.4 W/meter. To this was added the radiative 
cooling component. 5 1 .8 W/meter, totaling 1 2 1 .2 W/meter of length. This compares roughly 
with an experimentally derived number (Ref. 1 1 from test results of 2 kW of transmitted 
power at 235° F. which corres|>onds to 92 W-meler for an assumed attenuation of 6 dB 100 ft. 
the calculated atten.iation at midband for a metal-alloy waveguide. 

2 i The capability of radiative cooling only in a space vacuum environment was calculated for an 
S-band waveguide geometry ( 1 .8 in x 3.5 in x .01 6 in I considering the waveguides butted 
together on the narrow wall, with a viewing factor of 1 in the front of the array facing the 
earth ( 1 7° subtended angle I. and rest as space at 97'K; and 50 ^ of the back of the array as 
space and 50'? as Aluminum at 300"C. This calculation y ielded a heal rejection capability of 
1 1 2.8 W meter for an equilibrium temperature of lOJ^C and 688.'' W meter for .'CK) C . With 
an assumed waveguide loss of 1 dB per 100 ft (metal alloy at midband t. a value of transmitted 
power of 16.0 kW at l(X)'C and !01 kW ; t 3(K)'r was arrived at. The appropriate minimum 
thickness plating is yet to bt determined md an experiment to verify the abvv.e numbers is 
recommended. 

Reference 

1 . Manufacturing Methods for Dimensionally Stable Composite Microwave Components. 
AFML-TR 74-70. May 1*^74. Hu^es .Aircraft Company. Culver City. 
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APPENDIX F 

INTERACTION OF MICROWAVES WITH THE IONOSPHERE 

An analysis has been made of the stimulated Rayleigh scattenng by the entrops mode of a 
Gaussian microwave beam traversing the ionosphere. The model used is: I i .\n electron density 
wave (either a plasma electron wave or a plasma wave) acts as a diffraction grating and scatters 
the m?in microwave beam. 2) A scattered electromagnetic wave beats with the main microwave 
beam and causes an ohmic heating wave. 3 ) The heating wave causes an electron temperature w ave 
which is large only in directions perpendicular to the magnetic field direction because of the 
extremely anisotropic electron thermal conductivity. 4) The temperature '.'ave causes the assumed 
electron density wave. 

Plasma ion waves give larger growth rates ti an plasma electron waves. .Abow a rather small inten- 
sity threshold there are convective instabilities. The directions of the large grow th rate scattered 
electromagnetic waves lie on a conical surface whose axis is the magnetic field direction and w hose 
half angle is the angle between the main microwave beam direction and the magnetic field 
direction. 


The spatial growth rate is inversely proportional to the plasma ion wavelength (a result which 
differs from some other published resultsi but the >cattering angle In also mv rselv proportional 
to the plasma ion wavelength so that the scattered waves with larger growth rales Jo not stav as 
long (and grow) in the finite width mam microwave beam. The tot.il spatial growtli is thus 
approximately constant for ail the scattered electromagnetic waves on the conical surface. The 
noise level in the ionosphere under the m . microwave beam can he hundreds of decibels ai'ove 
the noise level at a larger altitude in the ionosphere for some power atellite eases Hie spatial 
grow'th is proportional to the percentage ioni/ation and thus is approximateiv constant over an 
altitude range of thousands of kilometers m and above tlie 1 region ii| the loiii'spiK re I urilier 
work to verify the above analvsis is m progress by |)r. I>. \eKoii. 


I bis work was conducted on ,i Hoeing IRAil) progi im 
.iml is included due to its ivk v.mco It' 'his contr.ict. 
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